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Foreword by the Editors 



Hypo- or hypersecretion, alteration in storage, release, catabolism, and post- 
translational processing of neuropeptides are associated with the etiology of 
many diseases affecting the central nervous system (CNS). Various peptides 
native to the brain and the spinal cord, as well as synthetic peptides, peptide 
analogues and peptidomimetics developed as their agonists or antagonists 
could be useful in the treatment of these CNS maladies. However, peptides 
face a formidable obstacle in reaching the intended site of action due to the 
existence of the blood-brain barrier (BBB) - a vital element in the regulation 
of the internal environment of the brain and the spinal cord. 

This theme-based volume of the Progress in Drug Research series entitled 
"Peptide Transport and Delivery into the Central Nervous System" consists 
of eight reviews by internationally known experts covering the most impor- 
tant aspects pertaining to the emerging field of peptide neuropharma- 
cotherapy. First, Fleur Strand provides an overview about neuropeptides, 
highlighting their general characteristics necessary for understanding their 
role in the regulation of physiological systems and their neuropharmaceuti- 
cal potential. David Begley and Milton Brightman cover the morphology and 
properties of the BBB in terms of solute transport into the CNS and potential 
mechanisms to cross the BBB. Then, Abba Kastin and Weihong Pan review 
peptide transport across the BBB and highlight structural, biochemical and 
physiological features that govern the bidirectional movement of these bio- 
molecules across the endothelial cells of the cerebral microcirculation. 

Although a small portion of peripherally delivered peptide may reach the 
brain parenchyma, the amount is often insufficient to exert CNS effects. 
Therefore, methods to deliver these biomolecules into the brain and spinal 
cord are necessary. Delivering peptides into the CNS has been a challenging 
task and various approaches have been developed. The five subsequent 
reviews of the volume discuss the rationale, present state-of-the-art and 
future trends of various strategies applicable to peptides in order to outwit 
the BBB as the major obstacle of peptide pharmacotherapy of the CNS. 

Invasive methods are covered first. Richard Grondin et al. detail direct 
intracranial delivery of proteins and peptides with special emphasis on poten- 
tial treatment of neurodegenerative diseases. David Fortin focuses on 
approaches that involve transient opening of the tight junctions of the endo- 
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thelial cells, which is clinically used in brain-tumor therapy, or permeabiliz- 
ing the endothelial cells separating the systemic circulation from the inter- 
stitial fluid of the CNS. 

Noninvasive approaches for the potential targeting of peptides into the 
CNS are covered by three reviews. First, we discuss prodrug strategies that aim 
at bioreversibly altering the properties of the peptide to enhance BBB trans- 
port. Subsequently, a comprehensive review by Suresh Vyas covers physio- 
logically based strategies that utilize biological carriers to gain access to the 
CNS. Finally, Jamal Temsamani and Jean-Michel Scherrmann highlight spe- 
cific peptides that may actually be utilized as vectors to ferry therapeutic mol- 
ecules manifesting poor BBB-transportability into the brain and spinal cord. 

All the eight reviews in the volume contain extensive bibliographies 
enabling the interested reader to use this volume as an encyclopedic source 
of information on intriguing issues of turning neuropeptides to potential 
drugs of the (hopefully near) future for treating CNS-maladies. 

Our very special thanks go to the contributing authors and to our pub- 
lisher whose concerted efforts made this volume possible. We hope it will give 
the reader as much enjoyment as we had putting it together. 



Gainesville (Florida), May 2003 



Laszlo Prokai 
Katalin Prokai-Tatrai 
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Glossary of abbreviations 

ACh, acetylcholine; ACTH, adrenocorticotropic hormone; AD, Alzheimer's disease; AgRP, agouti- 
related protein; Arg, arginine; CGRP, calcitonin-gene related peptide; CCK, cholecystokinin; 
CNS, central nervous system; CRH, corticotropin-releasing hormone; DRG, dorsal root ganglia; 
ER, endoplasmic reticulum; GABA, y-aminobutyric acid; GH, growth hormone; GHRH, growth 
hormone releasing hormone; HPA, hypothalamic-anterior pituitary-adrenal axis; lGF-1, insulin- 
like growth factor; Lys, lysine; MSH, melanocyte-stimulating hormone; NMDA, N-methyl-D- 
aspartate; OT, oxytocin; PC, prohormone convertase; POMC, proopiomelanocortin; PPP, pan- 
creatic polypeptide; PRL, prolactin; RER, rough endoplasmic reticulum; ST, somatostatin; TRH, 
thyrotropin-releasing hormone, VIP, vasoactive intestinal peptide; VP, vasopressin. 



1 General characteristics of neuropeptides 

1 .1 The neuropeptide concept 

Earlier concepts of the neuroendocrine system integrated the regulatory 
functions of the nervous and endocrine systems, a concept that was devel- 
oped from the understanding of hypothalamic control over the secretions 
of the anterior pituitary gland and pituitary control of its target endocrine 
organs. Demonstration of feedback controls, chiefly negative, furthered 
the argument for an intimate relationship between the nervous and 
endocrine systems. However, the role of the hypothalamic and pituitary 
hormones, all of which are peptides, is not restricted to their classical 
endocrine actions but extends to profound effects on the CNS. Experi- 
ments showing that adrenocorticotropic hormone (ACTH) affects complex 
behavioral processes such as learning and memory in adrenalectomized 
rats, demonstrated clearly that this peptide was acting directly on CNS 
neurons, bypassing its endocrine target, the adrenal cortex. This concept 
of a direct action was extended to learning and memory in humans, as well 
as to the peripheral neuromuscular system through the use of synthetic 
fragments of ACTH devoid of adrenocortical-stimulating activity [1-4] (see 
sections 5.1.2 and 5.4). 

In addition, many of the hypothalamic and pituitary hormones are pro- 
duced by other brain areas, the gastrointestinal tract and by lymphocytes. 
The remarkable diversity of production sites of mammalian neuropeptides is 
shown in Table 1 [5]. 
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The idea that peptides produced in the brain and gut have direct effects 
on neurons and on many vital physiological processes took many years to 
gain the acceptance that it presently receives. 

Neuropeptides affect non-neural tissues and organs as well as neurons and 
bear an important responsibility for the integration of brain functions and 
the systems of the body. They may act as neurohormones or neurotransmit- 
ters and frequently are co-localized with the classical neurotransmitters such 
as acetylcholine and the monoamines. They are involved in the regulation 
of reproduction, growth, water and salt metabolism, temperature control, 
food and water intake, cardiovascular, gastrointestinal and respiratory con- 
trol, behavior, memory and affective states. Neuropeptides are involved in 
many autonomic responses and they potently modulate nerve development 
and regeneration. Consequently high hopes have been raised for the clinical 
application of neuropeptide therapy for disorders or trauma involving phys- 
iological systems but these trials have in general proved disappointing. Mul- 
tiple neuropeptides may regulate a specific physiological process such as food 
intake, sexual behavior or metabolism. Neuropeptides may only be released 
in significant amounts during development, regeneration or under patho- 
logical conditions. Knockout mice, in which a specific gene for a neuropep- 
tide is deleted, often show little change of phenotype, indicating that redun- 
dant systems probably exist. There is an enormous potential for neuropep- 
tides in the treatment of CNS disorders but the challenge is to find the 
combination of neuropeptides necessary to add or eliminate in order to 
restore the physiological equilibrium and offset CNS pathology. This requires 
knowledge of the general characteristics of neuropeptides as well as a detailed 
understanding of the specific properties of each neuropeptide being investi- 
gated. Another important consideration is the responsiveness of tissues to 
neuropeptide action, a characteristic that varies considerably during onto- 
geny, development and maturation [6]. Genes that are expressed early in 
development may be turned off as the organism matures, but re-expressed 
following a change in metabolism or a severe injury [7]. 

1 .2 Evolution of neuropeptides 

Neuropeptides such as insulin, ACTH, cholecystokinin (CCK), gonadotropin, 
p-endorphin and many others, are found in unicellular animals and plants, 
invertebrates and in vertebrates ranging from lampreys to humans. The bio- 
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Table 1 . 

Mammalian neuropeptides classified according to principal source (other sources in right-hand column) 



Hypothalamic peptides 




Agouti-related protein 




P-endorphin 


pituitary 


corticotropin releasing hormone 


pituitary, median eminence, brain, spinal cord 


galanin 


locus ceruleus 


gonadotropin releasing hormone 


placenta, gonads? 


growth hormone releasing hormone 


placenta 


melanin concentrating hormone 




orexin/hypocretin 




oxytocin* 


posterior pituitary, brain, spinal cord 


pituitary adenylate cyclase activating 


thalamus, hippocampus, spinal cord 


polypeptide 




proopiomelanocortin 


pituitary 


somatostatin 


brain, spinal cord, gut, salivary glands. 




excretory system 


thyrotropin releasing hormone 


brain, spinal cord, gut, pancreas 


Tyr-MIF-1 


cerebral cortex 


vasopressin* 


posterior pituitary, brain, spinal cord. 




peripheral nerves 


*produced in the hypothalamus but stored in the neurohypophysis and called neurohypophyseal peptides 


Anterior pituitary peptides 




adrenocorticotropin 


median eminence, brain, spinal cord, placenta. 




gut, lymphocytes 


P-endorphin 


median eminence, placenta, gut 


follicle stimulating hormone 


median eminence, placenta 


growth hormone 


median eminence, placenta 


luteinizing hormone 


median eminence, placenta 


melanocyte stimulating hormone 


median eminence, brain, spinal cord, peripheral 




nerves 


prolactin 


median eminence, brain, spinal cord, placenta 


thyroid stimulating hormone 


median eminence, placenta 


Brain and spinal cord peptides 




b sleep-inducing peptide 




dynorphin 




endorphins 


pituitary 


Met- and Leu-enkephalin 


myenteric neurons, peripheral nerves 


neuropeptide glutamine (E)isoleucine-(l) 




neurotensin 


cardiovascular system, gastrointestinal tract 


nociceptin/orphanin 


brain stem, trigeminal ganglion, CNS? 


secretoneurin 




Major gut and pancreatic peptides 




ghrelin 


stomach, intestine, placenta, pituitary. 




hypothalamus? 


calcitonin gene related peptide - Gl tract 


brain, spinal cord, neuromuscular junctions, thyroid 


cholecystokinin - intestine 


brain, pituitary, adrenal medulla, peripheral nerves 


galanin - intestine 


brain, spinal cord, almost all peripheral systems 




and organs 


gastrin - gastric antrum 


pituitary, spermatozoa 
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Table 1 . (continued) 



gastric inhibitory peptide - duodenum 
gastrin releasing peptide* - Cl tract 
glucagon - intestine 
insulin - pancreas 
motilln - small Intestine 
neuropeptide Y- myenteric neurons 
peptide histidine Isoleucine - intestine 
neuropeptide YY - myenteric neurons 
neurotensin - intestine 

opioids - myenteric neurons 
pancreatic polypeptide - pancreas 
secretin - intestine 
somatostatin - gastric cells 

substance P - intestine 
vasoactive intestinal polypeptide - 
myenteric neurons 
* bombesin-like peptide 


spinal sensory ganglia, spinal cord, brain 

brain, median eminence 

neonatal brain 

brain, peripheral nerves? 

brain, peripheral nerves, adrenal medulla 

cerebral cortex, hypothalamus 

brain stem 

median eminence, hypothalamus, pituitary, 
entire CNS 

brain, spinal cord, peripheral nerves 

brain, spinal cord, pituitary, pineal 
hypothalamus, brain spinal cord, thyroid, 
excretory system 

brain, spinal cord, peripheral nerves 
cerebral cortex, hypothalamus, peripheral 
nerves 


Placental peptides 
chorionic gonadotropin 
corticotropin releasing hormone 


pituitary 


follicle stimulating hormone 


ovary 


growth hormone 


pituitary 


growth hormone releasing hormone 


pituitary 


inhibin 


gonads 


luteinizing hormone 


ovary 


prolactin 


pituitary 


proopiomelanocortin 


hypothalamus, pituitary 


somatostatin 


brain, spinal cord, gut, salivary glands. 


thyrotropin-releasing hormone 


excretory system 

brain, spinal cord, gut, pancreas 


Cardiac peptide 


atrial natriuretic hormone 


hypothalamus 


Blood peptide 


angiotensin II 


hypothalamus, pons 


Thyroid peptides 


calcitonin 


brain 


calcitonin gene related peptide 


brain, spinal cord, neuromuscular junctions 


somatostatin 


hypothalamus, brain, spinal cord, excretory system 


Parathyroid peptides 
parathyroid hormone 
parathyroid related protein 


vascular smooth muscle, milk, tumors 



Taken from [5], slightly modified by author. 
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logically active part of the structure of the molecule has been highly con- 
served throughout evolution, for example the mammalian insulins are very 
highly conserved with only one or two sequence differences between porcine, 
bovine and human insulin. This suggests that almost all of the insulin struc- 
ture is essential for its functions, which include not only binding to its recep- 
tor but also regulation of the stereospecific processing of the biosynthetic pre- 
cursor of the insulin molecule and the storage of insulin granules [8] . In con- 
trast, there is little homology between rat and porcine relaxin, indicating 
considerable divergence between these two species. However, conservation 
of structure often is accompanied by a change in function of the peptide and 
its receptors. Prolactin (PRL), one of the oldest known neuropeptides, has 
changed its function radically throughout evolution. In all species, from fish 
to mammals, PRL is concerned with water and salt metabolism; in birds it is 
vital for the production of crop milk; in mammalian females it is responsible 
for lactation and in mammalian males, including humans, PRL is involved 
in spermatogenesis, testosterone synthesis and male libido. The common 
ancestry of many neuropeptides is reflected in the ability of neuropeptides 
derived from plants, amphibians, fish and lower mammals to activate phys- 
iological processes in humans; vasopressin from fish causes water retention 
in humans; morphine derived from a species of poppy produces the same 
effect in humans as the mammalian endorphins. 

1 .3 Gene duplication and neuropeptide families 

Neuropeptides are formed from large pre-prohormones and prohormones, 
which are progressively split by specific proteolytic enzymes. The existence 
of families of neuropeptides indicates that they were generated through suc- 
cessive events of gene duplication within a common ancestral peptide, a 
process that permits a small error rate of mutation. Families such as the 
growth hormone (GH) family, insulins, enkephalins, the gut hormones and 
the tachykinins, have extensive amino acid sequence homology. Similarly, 
the necessary new receptors and processing enzymes probably evolved 
through gene duplication and show familial relationships as befits their neu- 
ropeptide ligands and substrates, respectively. This process has been described 
by Acher and Chauvet [9] as a molecular cascade of neuroendocrine control 
of organismal functions, resulting in the synchronous evolution of the pre- 
cursor molecule, control of its passage into storage vesicles and secretion into 
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the circulation, as well as the recognition of the circulating hormone of mem- 
brane receptors on its target cells. 

The large precursor molecule, proopiomelanocortin (POMC), produced in 
the anterior pituitary gland, contains ACTH, p-endorphin and three similar 
amino acid sequences of a-, p-, and y-melanocyte-stimulating hormone 
(MSH). These multiple copies of related molecules are best explained by the 
concept of gene duplication. The existence of distinct receptors for the vari- 
ous peptide fragments supports the concept of coordinated evolution. The 
feedback systems controlling the synthesis of neuropeptides also requires 
coordinated evolution. 

Gene duplication in the neuroh)q)ophyseal family has been examined in 
all classes of vertebrates and each species has two neurohypophyseal nona- 
peptides: the oxytocin (OT)-like peptides involved in reproduction, milk ejec- 
tion and uterine contractility; and the vasopressin (VP)-like peptides which 
have antidiuretic and pressor functions. The VP family has in common a basic 
amino acid at position 8, whereas the OT-related peptides have a neutral 
amino acid in this position. Probably, duplication of the gene followed by 
mutation of residue 8 in one of the genes, resulted in the dual evolution of 
the two lines of peptides and their separate receptors [10]. 



2 Biosynthesis, processing, secretion and inactivation 
of neuropeptides 

2.1 Pre-prohormones and the signal peptide sequence 

Neuropeptides ranging in size from 3 to 40 amino acid residues constitute a 
major group of intercellular agents for cell-to-cell communication, either as 
messenger hormones or as neurotransmitters and neuromodulators. The 
communication process begins within the neurosecretory cell with the 
expression of the promessenger gene. This is followed by the formation of 
the pre-prohormone, splitting off of the signal peptide to form the prohor- 
mone precursor, processing of the precursor into individual peptides, storage 
of the active form of the neuropeptide in vesicles, and finally, secretion of 
the neuropeptide. In turn, the response of the target cell depends on neu- 
ropeptide recognition of specific membrane receptors and the consequent 
transduction of the message through a second intracellular cascade to acti- 
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vate the effector. Interference, either positively or negatively, with any of 
these processes may be a route for therapies useful for clinical application. 

The large pre-prohormone consists of the amino acid sequence of the neu- 
ropeptide, plus a signal sequence at its N-terminus that guides it through the 
ribosome and into the rough endoplasmic reticulum (RER). The signal peptide 
of about 15 to 30 amino acids is found on the precursors of hormones designed 
to be secreted. The pre-prohormones range in size from about 10 to 35 kDa. 

The signal peptide that directs the pre-prohormone has a hydrophilic N- 
terminus and is followed by a peptide separated from the following peptide 
in the parent molecule by two basic amino acids, usually Lys-Arg. This is the 
site at which it is cleaved from the pre-prohormone by a signalase, an 
endopeptidase. The hydrophilic core of the signal sequence consists of about 
10 hydrophobic amino acids a fixed distance from the cleavage site, which 
facilitates the insertion of the pre-prohormone into the lipid of the RER mem- 
brane. Blobel and Dobberstein [1 1] suggest that it is the interaction of the sig- 
nal peptide and the membrane that recruits membrane receptors (trans- 
membrane glycoproteins), causing them to associate through ionic bonds to 
form a tunnel, which is further stabilized by the binding of the 60S subunit 
of the ribosome to the membrane. The cleavage mechanism is highly con- 
served: endopeptidases from microsomal membranes of bacterial cells, 
amphibians and mammals can cleave signal sequences from the pre-propro- 
teins from these diverse sources [10]. 

The large, biologically inactive precursor molecule, the prohormone, is 
synthesized on ribosomes and subsequently subjected to enzymatic proteol- 
ysis to yield active neuropeptides of varying size, characteristics and poten- 
cies. These precursors may contain one or more sequences for closely related 
peptides, as well as for unrelated peptides. The nascent precursors are closely 
associated with intracellular membranes, through which they are translo- 
cated, chemically processed, packaged and prepared for secretion. The exci- 
sion of specific neuropeptides may vary according to the enzymes within spe- 
cific tissues and the vesicles within which the enzymes are contained. 

2.2 Prohormones and precursor processing 

The peptide chain with the signal peptide removed is the biologically inert 
prohormone containing one or more copies of the final active neuropeptide. 
Folding of the protein occurs in the cistern of the endoplasmic reticulum 
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(ER), from which they are shuttled to the czs-face of the Golgi apparatus, then 
targeted to the trans-Golgi network, where packaging of the precursor into 
granules of the regulated secretory pathway occurs. Sections of the Golgi net- 
work filled with the prohormone bud off to form granules or vesicles. It is 
here that post-translational precursor processing occurs: the excision of pep- 
tide sequences by endoproteases to generate a diversity of biologically active 
peptides. The granules contain a series of co-packaged processing enzymes 
which sequentially attack the prohormone as the granules move from the cell 
body down to the nerve terminals. During their transit through the Golgi net- 
work, precursors may be subjected to many enzymatic modifications fol- 
lowing initial endoproteolytic processing, such as glycosylation, phospho- 
rylation, sulfation of tyrosyl residues or oligosaccharides, and hydroxylation 
of lysine residues [12]. 

Peptide bond hydrolysis of the prohormone usually occurs through a 
trypsin-like endopeptidase at precursor sites represented by pairs of basic 
amino acids arranged in doublets adjacent to the bioactive peptide sequences 
(Lys-Arg, Lys-Lys and Arg-Arg). There appears to be no consistent pattern for 
the position of the active fragments inside the prohormone. In proinsulin the 
active chains (A and B) are at the ends of the prohormone; in glucagons and 
calcitonin they are more centrally placed; proenkephalin contains several 
copies of met-enkephalin as well as one leu-enkephalin; and POMC contains 
several biologically active neuropeptides as well as several inactive fragments. 
Enzymes that cleave at paired basic residues have strict substrate specificity: 
if one amino acid is mutated, cleavage is totally blocked. However, cleavage 
at single arginine sites occurs in the biosynthesis of atriopeptin, somatostatin 
(ST), CCK, dynorphin, pancreatic polypeptide (PPP) and growth hormone 
releasing hormone (GHRH). Prosomatostatin contains both dibasic and 
monobasic sites. Cleavage is generated first by endopeptidases, followed by 
exoproteolysis by amino- and carboxypeptidases, and in some cases by spe- 
cial amidating enzymes to free the active neuropeptide. 

The precursor processing enzymes have been identified as prohormone 
convertases (PCs) and form a family of seven mammalian proteases that bear 
a striking homology to a bacterial protease, subtilisin, indicating strong evo- 
lutionary conservation of these residues. Other modification of the prohor- 
mone may be post-transcriptional but pre-translational: calcitonin and cal- 
citonin-gene related peptide (CGRP) seem to be derived from a single gene 
after alternate splicing at the mRNA level. 
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POMC was the first prohormone to be shown to be differentially processed 
in a tissue-specific manner to 3 deld multiple active neuroepeptides. In the 
anterior pituitary lobe, cleavage of POMC yields chiefly a large N-terminal 
fragment, ACTH 1-39, and |3-lipotropin. The prohormone convertose (PC) 
known as PC 1/3 is responsible for this cleavage and also for a similar cleav- 
age in the intermediate lobe. However, the intermediate lobe also contains a 
different PC, (PC2) which further hydrolyzes ACTH and p-lipotropin to the 
shorter neuropeptides: a-MSH (which is ACTH 1-13), y-lipotropin and p- 
endorphin, respectively. Additional amino acid sequences (CLIP and JP) of 
unknown biological activity are also generated in the intermediate lobe. It is 
noteworthy that the human pituitary gland does not have an intermediate 
lobe. Consequently all processing of POMC in the human occurs within the 
anterior pituitary gland. The differential processing patterns of a prohormone 
may also depend on the relative amounts of the individual PCs within a neu- 
roendocrine cell [13]. There are similar differences in the distribution of the 
PCs in the paraventricular nucleus and the supraoptic nucleus. 

2.3 Exoproteolyis and neuropeptide segregation 

Exoproteolysis follows the cleavage of the peptide precursor by endoprote- 
olysis. The newly exposed C-terminal basic residues are removed by car- 
boxypeptidase E which has a high specificity for basic residues. Peptides hav- 
ing an exposed C-terminal glycine residue often undergo conversion of this 
residue to an amide. 

Most of the proteolytic processing of neuropeptides appears to occur 
within the secretory granules after they have been formed in the trans-Golgi 
network and the products of proteolytic cleavage are stored and secreted in 
equimolar amounts. Depending on the sequential processing of the prohor- 
mone, the specific neuropeptide content of the vesicles will vary; if the pro- 
hormone undergoes endoproteolysis before being packaged in a vesicle, the 
vesicle may contain only one of the active sequences of the prohormone. 
However, if endoproteolysis occurs within the vesicle, that vesicle may con- 
tain several different biologically active neuropeptides. This segregation of 
neuropeptides within different vesicles, or their coexistence within the same 
vesicle, is of considerable significance in determining the pattern of release 
of these regulatory agents after stimulation. This characteristic is another site 
to be targeted by drugs of clinical relevance. 
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2.4 Precursor genes 

The organization of the POMC gene has been extensively studied and serves 
as a model for most neuropeptides. The mRNA coding for POMC and its 
translation products make up almost one-third of the total translation prod- 
ucts in the bovine pituitary intermediate lobe [14, 15]. The basic structure of 
the POMC gene has been highly conserved, the most conserved regions being 
centered around each of the MSH units. The gene contains three exons and 
two introns, with the large 3' exon containing the nucleotides coding for all 
the biologically active neuropeptides (ACTH and a-MSH, p-lipotropin, p- 
MSH, p-endorphin, and y-MSH) and most of the N-terminal part of the pre- 
cursor. Exon 1 includes the nucleotide sequence complementary to the 5' 
sequence of POMC mRNA and is a non-coding exon. Exon 2 codes for the 
signal peptide and the first 18 amino acids of POMC. There is a repetition of 
the melanotropin core hepta-sequence Met-Glu-His-Phe-Arg-Tryp-Gly in 
ACTH, a-MSH, p-MSH and y-MSH. 

Neuropeptide gene expression is usually regulated by a complex series of 
negative and positive feedback controls. In the anterior pituitary lobe, the 
secretion of POMC is stimulated by corticotropin-releasing hormone (CRH) 
and VP, and inhibited by glucocorticoids from the adrenal cortex. In the 
intermediate lobe, the release of POMC peptides is inhibited by the neuro- 
transmitters dopamine and y-aniinobutyric acid (GABA). These secretory 
changes are preceded by the appropriate increase or suppression of POMC 
mRNA activity in the pituitary. Hypothalamic POMC mRNA levels are also 
controlled by gonadal steroids, especially estrogen. 

2.5 Excitation-secretion coupling and exocytosis 

Neuroendocrine cells demonstrate a wide repertoire of electrical responses to 
secretagogues, mediated by voltage-gated sodium, calcium and potassium 
channels in the plasma membrane associated with a rise in intracellular cal- 
cium concentration [Ca^+Jj. Some cell types generate one or two patterns 
whereas others, such as thyrotropin-releasing hormone (TRH)-stimulated 
lactotrophs in the anterior pituitary display almost all these electrical 
response patterns [16]. 

Exocytosis entails the formation of fusion pores between membrane- 
bound vesicles and the presynaptic membrane, and the subsequent release 
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of the vesicular contents into the extracellular space. This process requires 
multiple binding proteins with different affinities and a Ca^+ sensor for 
the final fusion with the plasma membrane. Neuropeptides, which are con- 
tained within large (> 70 nm) dense-core vesicles, are subjected mainly to reg- 
ulated exocytosis, which is triggered by a rise in cjdosolic Ca^"^ following volt- 
age-gated Ca^"^ influx through the plasma membrane. The complex charac- 
teristics of neuropeptide release from the large dense-core vesicles are 
described by Nicholls [17] and Burgoyne and Morgan [18]. 

2.6 Inactivation of neuropeptides 

Very little degradation of neuropeptides occurs intracellularly, in contrast to 
their rapid inactivation in plasma. Some of the products of extracellular pro- 
teolytic cleavage are biologically inactive and many of the enzymatic modi- 
fications of the precursor may yield inactive metabolites. Extracellular inac- 
tivation through enzymatic degradation occurs rapidly in plasma and by 
other cells, including glia, due to the widespread presence of peptidases. Neu- 
ropeptides are rapidly inactivated in the gastrointestinal tract and are there- 
fore ineffective when administered orally. Of clinical importance is that 
peripherally administered neuropeptides remain effective far longer than 
their biological half-life (about 12 to 15 minutes) due to their tenacious bind- 
ing to cell membranes. This apparently protects them from proteolysis and 
permits them to perpetuate the cascade of receptor-mediated second mes- 
senger effects for several hours. 

3 Distribution and localization of CNS neuropeptides 

3.1 Distribution in the CNS 

The richest sources of neuropeptides in the CNS are several hypothalamic 
nuclei, the preoptic area and the pituitary gland. However, many of the neu- 
rosecretory hypothalamic neurons have projection axons long enough to 
reach fairly distant areas of the CNS, so that these neuropeptides are found 
in high concentration in nerve terminals in many regions of the brain and 
spinal cord. 

Other brain areas also contain neuropeptides. In addition to their con- 
centration in hypothalamic nuclei and the pituitary gland, several neu- 
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ropeptides such as ST, TRH, neurotensin (NT), substance P (SP), insulin, CCK, 
vasoactive intestinal peptide (VIP), and the enkephalins are distributed in the 
dorsal horn of the spinal cord, the dorsal vagal complex, the nucleus accum- 
bens, the stria terminalis bed nuclei, the amygdala, and the periaqueductal 
gray. Unlike the extensive peptidergic pathways in the hypothalamic neu- 
rosecretory neurons, the pathways of neurons in extrahypothalamic brain 
areas are obscure and probably act in a paracrine manner on neighboring 
neurons. Many of these "brain" neuropeptides are widely distributed in var- 
ious regions of the body, especially mucosal cells in the gastrointestinal tract, 
the pancreas, adrenal medulla, gonads, the placenta and peripheral nerves 
(Tab. 1). 

3.2 Coexistence of neuropeptides and neurotransmitters 

Hokfelt et al. [19] clearly demonstrated the coexistence of neuropeptides and 
neurotransmitters within the same neuron and sometimes within the same 
vesicle. While there is little evidence for the coexistence of neuropeptides 
with the classical neurotransmitters, such as ACh, norepinephrine (NE), 
dopamine (DA), or serotonin (5HT), two or more neuropeptides may be pre- 
sent in the same or separate secretory granules depending on the processing 
of the prohormone. These variations permit immense flexibility to the regu- 
lation and modification of synaptic events as one transmitter may act on one 
or several types of postS3maptic receptor; on a presynaptic receptor to inhibit 
its own release; it may facilitate or inhibit the release of the neurotransmit- 
ter. Further possible variations are discussed by Lundberg and Hokfelt [20]. 

There is considerable evidence that there is selective release of small and 
large vesicles depending on the frequency and duration of nerve stimulation. 
In general, peptide release requires bursts of high frequency stimulation but 
in some cases it is the continuous repetitive stimulation rather than a burst- 
ing pattern that regulates peptide release [21]. The neuropeptide is usually 
responsible for a slow and long-lasting response in contrast to the rapid and 
short-lived effects of classical transmitters such as ACh and NE. 

3.3 Pathway-specific distribution 

There appears to be some pattern to the coexistence of neuropeptides accord- 
ing to the neuronal pathways in which they are found. Dorsal root ganglia 
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(DRG) contain several populations of neurons, each of which has a distinct 
combination of neuropeptides and a specific projection to its target organ. 
Some DRG neurons possess SP, calcitonin gene-related peptide (CGRP), CCK 
and dynorphin, and these neurons project to small blood vessels in the skin. 
Other DRG neurons contain the first three neuropeptides but not dynorphin, 
and these neurons project to small blood vessels in skeletal muscle. Yet 
another group of DRG neurons contain SP, CGRP and dynorphin but not 
CCK, and innervate the pelvic viscera. Similar pathway-specific neuropeptide 
combinations occur in sympathetic ganglia. 

In contrast, all neurons in some peripheral ganglia have the same neu- 
ropeptide combination and project to the same tissue, for example all the 
cholinergic ciliary ganglion cells contain SP as well as ACh and they all inner- 
vate the muscles of the iris of the eye. Gibbins [22] discusses the relationship 
between co-existence and co-function. The intricacies of neuropeptide regu- 
lation may be appreciated by this example: the peripheral axons of unmyeli- 
nated sensory nerves release SP, CRGP and neurokinin A (NKA) that syner- 
gistically act to reduce inflammation. SP may further enhance wound heal- 
ing by increasing the rate of fibroblast division. Since CGRP inhibits SP 
breakdown, both centrally and peripherally, and CCK and dynorphin regu- 
late these effects, the difficulty of clinical administration of agonists or antag- 
onists to individual neuropeptides becomes apparent. 

4 Neuropeptide receptors 

For neuropeptides to affect their target cells they must bind to cell surface 
receptor. They may bind to a variety of receptor types and subt)^es, with dif- 
ferent degrees of affinity. They are characterized by their affinity for the lig- 
and, reversibility, specificity, number and saturation. Desensitization of a 
receptor may occur after prolonged neuropeptide stimulation and may be 
due to downregulation of receptor number. The many different isoreceptors 
that form receptor subt 3 q)es can be distinguished mainly by specific drug ago- 
nists and antagonists, the use of which experimentally and clinically has 
proved to be invaluable. Receptor subtypes are exemplified by the arginine 
vasopressin (AVP) VI and V2 receptors, which are differentially distributed 
in tissues and use different second messengers. Five subtypes of the 
melanocortin receptors have been cloned and the markedly different effects 
of the melanocortin peptides on the adrenal cortex, melanoma cells, CNS and 
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peripheral neurons are probably due to differential distribution of the recep- 
tors in these tissues. 

More than 80% of neuropeptide receptors are coupled to G-proteins and 
stimulate adenylate cyclase and cAMP formation. These receptors are char- 
acterized by a core of seven membrane-spanning helices, connected by alter- 
nating cytoplasmic and extracytoplasmic loops with a central pore exposed 
to the extracellular surface. 

Other neuropeptides, such as TRH, VP, bombesin and gonadotropin- 
releasing hormone (GnRH), act through the phospholipase-phosphatidyli- 
nositol pathway, involving a different group of second messengers. Some G- 
protein coupled receptors may activate both types of second messengers and 
there may be cross-talk between these different signaling systems. A further 
group of neuropeptide receptors, including atrial natriuretic hormone (ANH) 
is coupled to guanylate cyclase (cGMP) and yet another set of neuropeptides 
(insulin, insulin-like growth factor and several other growth factors) couples 
with tyrosine kinase. The latter 2 groups of receptors have only one mem- 
brane-spanning helix. Cytokine receptors are glycoproteins which are classi- 
fied into several families, only one of which (Type 1) includes neuropeptides, 
such as growth hormone (GH) and prolactin (PRL) receptors. 

Fuxe et al. [23] suggest that receptor diversity allows the receptors to cou- 
ple to different types of G-proteins, thus permitting the stimulation or inhi- 
bition of multiple transduction mechanisms, perhaps accounting for differ- 
ent gradations of responses in different tissues. It is obvious that the intrasig- 
naling network of the cell is extraordinarily complex, with ligands showing 
extensive redundancy, pleitropy, and cross-talk between different signaling 
systems. The Ca^^ sensitivity or insensitivity of various isoforms of receptors 
and second messenger systems are also important variables. Again, the com- 
plexity of receptors, their subtypes and transduction mechanisms provide 
both a promising yet frustrating field for drug targeting and successful clini- 
cal applications. 

5 Pharmaceutical potential in treating CNS disorders: 
genomic, translational and combinational research 

It appears that most human disorders have a genetic basis. A large number of 
genes involved in a single gene disorder have been identified. Consequently 
the failure of attempts to alleviate human disorders by the administration or 
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inactivation by antagonists of a single neuropeptide is not surprising. Drug 
metabolism and susceptibility to drug toxicity are also governed by simple 
genetic changes. While genetic variations may be increase resistance to a dis- 
ease, treatment for one disease may make an individual more susceptible to 
other diseases. A combination of genetic and genomic testing of individual 
patients may be an essential element in tailoring neuropeptide therapy to tar- 
get a particular disorder in a specific patient [24]. 

The mapping of the complete sequence of the human genome forms a 
starting point for making new drugs with the aim of identifying a ligand as 
a goal for every receptor. However, it must be appreciated that many of the 
35,000 to 45,000 genes are involved in common diseases and the science of 
physiological genomics, which correlates detailed phenotypes to genotypes 
in patients, is still in its infancy. The innovative technique of tissue-specific, 
or time-specific, gene knockouts that excise a targeted gene from the genome 
in the whole animal, will aid dramatically in this search. To have a drug tar- 
geted at specific neuropeptide receptor would greatly expand the pharma- 
ceutical potential of treating CNS disorders. Pharmaceutical companies 
presently are concentrating on translational studies from basic animal 
research studies to clinical investigations using non-invasive techniques, as 
well as utilizing combinations of various selected neuropeptides more likely 
to bring significant clinical effects than individual neuropeptides. These 
combinational studies are, of course, fraught with problems, not the least of 
which is gaining approval of the Food and Drug Administration (FDA). 

The following sections will summarize the clinical effects presently 
reported following neuropeptide administration or inactivation. It cannot be 
expected that a single neuropeptide will cure a single disease and conse- 
quently the discussion has been organized according to disorders rather than 
according to specific neuropeptides. 

5.1 Energy homeostasis 

Fuel stores and energy metabolism are delicately controlled at optimum lev- 
els when homeostasis is achieved. This balance is finely controlled though a 
complex network of regulatory pathways involving not only the sympathetic 
nervous system but a variety of neuropeptides and hormones. The hypo- 
thalamus is the integrative site for the variety of afferent inputs, not only 
from circulating neuropeptides and hormones, but also from the gastroin- 
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testinal tract and the environment. Plasma concentrations of nutrients are 
also important regulators of h)rpothalamic activity. In response, the hypo- 
thalamus coordinates the neuropeptide and behavioral responses. 

The recent literature on neuropeptides is heavily concentrated on drugs 
that affect obesity, a condition responsible for many serious complications 
in humans. The prevalence of obesity, especially in developed countries, has 
risen sharply and much basic and clinical research has been focused on this 
disorder. Several genes for monogenic murine obesity have been identified, 
one of which encodes the hormone leptin that regulates several neuropep- 
tides involved in feeding. In humans, a mutation of the melanocortin-3 
receptor gene may be associated with obesity and early onset type 2 diabetes 
[25]. Eating disorders such as anorexia nervosa and bulimia, while affecting 
a relatively small population, are serious diseases that may have a neuropep- 
tide as well as a behavioral component, so that appetite-stimulating drugs 
such as ghrelin are currently of considerable interest. 

Many neuropeptides are involved to varying degrees in the control of 
appetite. Appetite-stimulating (orexigenic) neuropeptides include neuro- 
peptide Y (NPY), ghrelin, melanin-concentrating hormone (MCH), hypo- 
cretins/orexins, GH and agouti-related protein (AgRP). Appetite-suppressing 
(anorectic) neuropeptides include peptide YY (PYY), ST, MSH, galanin, CRH, 
CCK, glucagon-like peptide 1 (GLP 1), NT and bombesin. Leptin, a hormone 
secreted by adipose tissue, modifies appetite through its effects on the hypo- 
thalamus, and thus on hypothalamic and anterior pituitary neuropeptides. 
In the following discussion, those substances that appear to be most relevant 
to clinical tests are discussed first and in more detail. 

5.1 .1 Appetite-stimulating neuropeptides 

Ghrelin is a recently discovered neuropeptide that is a regulator of GH secre- 
tion and energy homeostasis. It is an acetylated 28 residue peptide that is the 
ligand for GH receptors and different GH receptor subtypes, as well as for cells 
in specific hypothalamic nuclei and in the anterior pituitary hypothalamus. 
Both rat and human ghrelin and its receptors in the hypothalamus and ante- 
rior pituitary have been isolated and cloned [26]. Ghrelin is produced chiefly 
by the stomach but also by the intestine, placenta, pituitary and possibly by 
the h)q)othalamus. It induces hunger in both animals and humans. In 
humans, circulating ghrelin levels are decreased in chronic obesity and states 
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of positive energy balance, whereas ghrelin levels are increased in patients 
with anorexia nervosa. A pre-meal rise in human plasma levels suggests a pos- 
sible role of ghrelin as a hunger signal initiating food ingestion. Plasma ghre- 
lin is influenced by nutritional status and appears to have a reciprocal rela- 
tionship with plasma insulin, high levels of which suppress ghrelin secretion 

[27] . In rodents exogenous ghrelin reduces fat utilization, thereby increasing 
fat deposition, however an adipogenic effect in humans has not yet been 
demonstrated. 

Ghrelin is released from the stomach into the circulation and acts on neu- 
roendocrine networks within the CNS, specifically targeting nuclei in the 
h)^othalamus and AgRP/NPY and POMC cells in the anterior pituitary. These 
and many other neural and hormonal circuits in the hypothalamus and brain 
stem are described in detail in an excellent review article by Horvath et al. 

[28] . Proof that ghrelin crosses the blood-brain barrier was recently provided 
by Banks et al. [29] in studies that also showed that human ghrelin enters the 
brain more rapidly than mouse ghrelin. The orexigenic effect of ghrelin is sep- 
arate from its ability to stimulate the release of GH. It exerts a strong stimu- 
latory effect on GH secretion in humans, releasing more GH than GHRH 
does, but with which it has a synergistic effect. Ghrelin also stimulates lac- 
totroph and corticotroph secretion [30]. The therapeutic approach of admin- 
istering ghrelin and/or the unnatural GH-releasing peptide (GHRP) or the 
combination of one of these peptides with GH, could be a model for the 
restoration of the physiological secretion of GH and insulin-like growth fac- 
tor (lGF-1) to normal in short-statured children [31]. 

NPY is a member of the neuropeptide family that includes pancreatic 
polypeptide (PPP) and PYY. NPY is the most abundant neuropeptide in the 
rat brain and is found in the periphery in nerve plexuses surrounding blood 
vessels in a variety of organs. NPY administered centrally results in marked 
stimulation of feeding in satiated rats whereas food deprivation increases NPY 
h 5 q)othalamic levels. Chronic infusion of NPY results in obese animals. These 
actions of NPY are exerted through NPY receptor subtypes as demonstrated 
by pharmacological antisense "knockdown" and targeted gene "knockout" 
approaches. Few clinical studies have been reported utilizing specific recep- 
tor antagonists to NPY. This topic is reviewed by Gehlert [32]. 

Orexin is an orexigenic neuropeptide produced primarily in the lateral 
hypothalamus, a region implicated in driving feeding. These orexin neurons 
project widely in the brain and receive terminal appositions from NPY-, 
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AgRP- and a-MSH-IR fibers. Orexin neurons are innervated by peptidergic 
fibers corresponding to leptin-responsive cell types from the arcuate nucleus 
and thus may link peripheral metabolic cues to autonomic regulatory sites 
and neuroendocrine mechanisms [33]. Important regulatory signals may be 
a fall in plasma glucose (stimulatory) countered by satiety signals generated 
by eating, such as gastric distention (inhibitory). Orexins appear to stimulate 
food intake in the short term by recruiting different neural circuits and exert 
different effects on food choice [34]. Antipsychotic drugs are associated with 
weight gain and there is evidence that the drug-induced weight gain is asso- 
ciated with the activation of distinct orexin neurons innervating the frontal 
cortex [35]. While orexins are involved in the stimulation of food intake, they 
also may modulate central nervous control of arousal and sleep-wake mech- 
anisms [36, 37]. 

Galanin is a 29-amino acid neuropeptide not homologous with any other 
known peptide. High concentrations of galanin and its receptor subtypes are 
present in the h 5 q)othalamus and central administration of the neuropeptide 
increases food consumption in fed rats, a highly reproducible result. 
Although galanin appears to play a minor role in normal feeding behavior it 
is possible that under abnormal physiological conditions it may exert pro- 
found effects. Preliminary reports demonstrate unusual endogenous peptide 
levels in human appetite disorders but other studies have been inconclusive. 
It is possible that more targeted investigations involving subtype-selective 
non-peptide galanin receptor ligands may have clinical implications in 
appetite disorders [38]. 

MCH is a neuropeptide that has antagonistic actions to those of MSH, 
both in pigment dispersal and in feeding behavior [39] . MCH is an orexigenic 
peptide produced in the lateral hypothalamus, and which, when adminis- 
tered intracerebroventricularly interacts with a number of other peptides that 
affect appetite. GLP-1 and NT both inhibit the ability of MCH to induce feed- 
ing. Ablation of the MCH gene in mice results in a marked weight loss, with 
corresponding loss of body fat and decreased leptin levels. 

AgRP is a 131 amino-acid protein that acts as a high-affinity antagonist of 
a-MSH on the melanocortin MCI and MC4 receptor level. It antagonizes the 
synthesis of black pigment normally stimulated by a-MSH and causes obe- 
sity in mice suffering from autosomal mutations. These mice also are char- 
acterized by yellow hair as a result of the overproduction of the agouti pro- 
tein. The current evidence indicates a dual-appetite regulating system con- 
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sisting of POMC and AgRP/NPY expressing neurons in the arcuate hypo- 
thalamic nucleus. These neurons project to other hypothalamic nuclei to 
widen their influence on autonomic centers and other neuropeptides affect- 
ing feeding behavior [40]. Elucidation of these complex neuronal circuits, 
together with creative pharmacological tools, is essential for the success of 
clinical applications. Certainly appetite-enhancing neuropeptides should be 
investigated for the treatment of the anorexia of cancer patients. 



5.1.2 Appetite-inhibiting neuropeptides 

Peripheral satiety systems include PYY, CCK, bombesin-like peptides, ST, 
GLP-1, insulin, amylin and NT. These peptides are released by the gastroin- 
testinal tract during a meal and act as negative-feedback control of the size 
of the meal [41]. Many of these peptides reach the brain via the circulation, 
whereas others involve afferent vagal fibers. Analyses of the behavioral, phys- 
iological and neural mechanisms of these hormones indicate that each is 
involved in the direct or indirect control of meal size. It is still not clear what 
their interaction is in normal eating or in eating disorders, complex problems 
that have to be clarified for their full therapeutic potential to be realized. 

Hypothalamic neuropeptides involved in appetite suppression include 
CRH and its homologue urocortin, galanin, orexin, CART and melanocortins. 
Melanocortins are short amino acid sequences derived from the 1-13 amino 
acid sequence of a-MSH. This sequence is identical to the 1-13 sequence 
within the ACTH 1-39 molecule. These peptide fragments, unlike the parent 
molecule ACTH 1-39, do not stimulate the adrenal cortex but have signifi- 
cant effects on both central and peripheral neurons. The most potent of these 
peptide fragments are ACTH 4-9, ACTH 4-10, an ACTH 4-9 analog, ORG 2766 
and an ACTH 4-10 analog BIM 22015 [42]. 

One of the most effective weight-loss drugs is D-fenfluramine (d-FEN) but 
it was withdrawn from clinical use because of reports of cardiac complications 
in a subset of patients. In rodents d-FEN's anorexic actions requires activa- 
tion of CNS melanocortin pathways, indicating that other drugs targeting 
these pathways may provide more effective, selective and therefore safer anti- 
obesity treatment [43]. 

Both the appetite-suppressing neuropeptides that inhibit feeding behav- 
ior to different degrees and drugs that enhance these satiety systems are suit- 
able clinical candidates for the control of obesity. It is beyond the scope of 
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this review to discuss all these neuropeptides: the emphasis here is on those 
neuropeptides that are currently the focus of intensive investigation for their 
clinical potential. 

Briefly, the anorexic effects of the hypothalamic neuropeptide, CRH/uro- 
cortin, are linked to the well-known stress response that inhibits sexual activ- 
ity and food intake [44]. More direct therapeutic possibilities arise from a 
recent report that indicates that the intestinal peptide PYY has clinical appli- 
cations in the control of hunger. PYY is a member of the neuropeptide Y fam- 
ily from which the mammalian PPP probably arose by gene duplication [45, 
46]. PYY reaches the hypothalamus via the circulation, acting directly on 
feeding centers in the arcuate nucleus that coordinate NPY and melanocortin 
neural circuits. The long-lasting effect of PYY is unlike that of other gut- 
derived signals, such as CCK, which are considered to be “short-term" sati- 
ety signals [47]. Administration of a physiological dose of PYY, similar to that 
physiologically released after a normal meal, decreases appetite and reduces 
food intake by 33% over 24 hours [48]. This preliminary study involved only 
12 subjects, none of whom was obese. It remains to be tested whether these 
important effects are to be obtained in obese individuals. Like other peptides, 
PYY has to be administered by injection. 

Somatostatin is produced both peripherally in the gut and centrally in the 
hypothalamus and may be considered to be a general inhibitor since many 
other neuropeptides evoke their effects indirectly through stimulation of ST. 
The long-acting stable analog of ST, octreotide, has a number of therapeutic 
indications. It is effective in treating acromegaly, as well as many gastroin- 
testinal disorders and new analogs and delivery systems make it even more 
stable and long-lasting [49]. 

5.1 .3 Integration of neuropeptides affecting appetite by leptin 

Leptin, a satiety signal, is released primarily from white adipose tissue but 
may also be produced by other tissues including the anterior pituitary gland 
[50]. It is a 16 kDa protein that interacts with leptin receptors in the brain 
and in many other tissues and is thought to regulate energy balance through 
effects on food intake and thermogenesis. Leptin may mediate the neuroen- 
docrine response to starvation and modulate the stress response and timing 
of puberty. Flier and his co-workers have shown that leptin may also be 
involved in the maturation and function of the neurendocrine axis [51, 52]. 
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Leptin regulates the expression of several neuropeptide genes, including 
POMC, NPY and AgRP [53, 54]. It is an important regulator of many neu- 
roendocrine systems affecting body weight. 

A loop system exists between the peripherally secreted hormone leptin 
and the hypothalamic neuropeptides a-MSH and NPY. Leptin stimulates the 
hypothalamic expression of a-MSH, an orexigenic peptide, while inhibiting 
the expression of MCH, an anorexigenic peptide, actions which reflect the 
opposing effects of these two neuropeptides on animal pigmentation [39, 55] . 
When hypothalamic NPY levels are increased by fasting or by i.c.v infusion, 
food intake and body weight gain increase. A feedback system between lep- 
tin and NPY also exists. NPY increases insulin and corticosterone levels 
which, in turn, result in lipolytic activity in adipose tissue and leptin release. 

Interactions between leptin and PRL-releasing peptide (PrRp) have also 
been reported [56]. PrRp is a novel anorexigen that reduces food intake and 
prevents body weight gain in rats. Immunohistochemical studies show that 
PrRP neurons contain leptin receptors, indicating that PrRp neurons may 
form part of a leptin-sensitive brain circuitry involved in the regulation of 
food intake and energy homeostasis. 

The many facets of leptin action, apart from its anti-obesity role through 
inhibition of food intake through actions on h)^othalamic centers, have 
been challenged by Unger [57]. Unger presents evidence for an alternative 
physiological role: an antisteatotic activity in which fatty acid overaccumu- 
lation in nonadipose tissues is prevented by leptin-mediated regulation of 
P-oxidation. While leptin acts centrally on the hypothalamus in lean or on 
leptin-deficient animals, when hyperleptinemia exceeds 15ng/ml, as in obe- 
sity, a further rise in plasma leptin levels does nor raise cerebrospinal leptin 
levels or reduce food intake. In these cases, the peripheral antisteatotic 
action is maintained. This suggests that at chronically hyperleptinemic lev- 
els the hormone acts chiefly on peripheral tissues and its hypothalamic 
action has reached a plateau. This observation would account for the leptin 
resistance of obese humans to administration of leptin. Similarly, the cen- 
tral targets of leptin that mediate the transition from starvation to the fed 
state may be distinct from those that mediate the response to overfeeding 
and obesity [58]. 

Due to leptin's influence on the anterior pituitary gland, this hormone 
also affects the hypothalamic-anterior pituitary-adrenal axis (HPA), the hypo- 
thalamic-anterior pituitary-thyroid axis and the hypothalamic-anterior pitu- 
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itary-gonadal axis. Leptin deficiency leads to morbid obesity in experimen- 
tal animals and narcoleptic humans, who also have disruptions in their 
sleep-wake cycle [59] . These observations lend credence to the belief that lep- 
tin has many functions apart from its important role as a regulator of body 
weight and energy homeostasis. 

Leptin, its analogs and antagonists are currently the focus of active clini- 
cal trials. Unfortunately, the dramatic appetite-suppressing action of leptin 
in animals is not seen in obese humans. This is not unexpected in that a wide 
variety of biological and behavioral phenomena are involved in feeding. 
Clinically effective anti-obesity drugs may act on more than one component 
of the appetite system, or a suitable combination of dmgs, together with alter- 
ations in diet may be needed for successful control of the obesity epidemic 
in developed countries. 

5.2 Neuropeptides affecting CNS behavioral disorders 

The pioneering studies of De Wied [60] and of Kastin and his colleagues [61] 
have shown that neuropeptides derived from POMC and the neuroh 5 rpohy- 
seal hormones OT and VP have profound effects on learning and memory 
processes, grooming, stretching and yawning, social, sexual and rewarded 
behavior, and memory, in rodents. This vast body of work has been reviewed 
recently [62]. Both animal and clinical studies suggest that these neuropep- 
tides may be beneficial in aging, neuropathy, memory disturbances, pain, 
depression, impotence, obesity, fever and insomnia [63]. 

5.2.1 Intractable seizures 

Neuropeptides are also implicated in therapy for intractable seizures. Despite 
current advances in the treatment of epilepsy, these seizures remain a signif- 
icant therapeutic challenge. A review article by Kubek and Garg [64] cites evi- 
dence that TRH and selected TRH analogs have antiepileptic effects in sev- 
eral models of animal seizure, including kindling and electroconvulsive 
shock. Clinically, TRH treatment has been reported to be effective in 
intractable epilepsies such as infantile spasms. Infantile seizures are age-spe- 
cific and are associated with mental retardation. Conventional anticonvul- 
sants have little effect but treatment with high dosages of ACTH arrests the 
seizure completely. However, the severe side effects of the neuropeptide are 
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a severe drawback to this therapy. Baram and Hatalski [65] review evidence 
that CRH is an important mechanism for the generation of developmentally 
regulated, triggered seizures. As ACTH suppresses the secretion of CRH, a nat- 
ural convulsant, by negative feedback, a trial of 6 infants with infantile 
spasms non-responsive to other treatments was established. These infants 
received a-helical CRH, a competitive antagonist of the peptide. This treat- 
ment was ineffective and the authors conclude that since no central effects 
on arousal, seizures or EEC were observed, this CRH antagonist did not cross 
the blood-brain barrier. They suggest that nonpeptide compounds that reach 
CNS receptors are required to check the hypothesis that blocking CRH recep- 
tors may ameliorate infantile spasms and mental retardation [66]. 

5.2.2 Alzheimer's disease 

Marked reductions in ST-IR and CRH-IR are prominent neurochemical 
deficits in Alzheimer's disease (AD). In a postmortem study of 66 elderly 
patients, both ST-IR and CRH-IR were reduced in patients with severe demen- 
tia, but only CRH was reduced significantly in the cortices of those with mild 
dementia. Thus CRH-IR can serve as a potential neurochemical marker of 
early dementia and possibly early AD [67]. 

A comprehensive hypothesis for an understanding of the pathophysio- 
logical changes that lead to the clinical manifestation of AD has been pro- 
pounded by Heininger [68]. He suggests that the delicate network that regu- 
lates the homeostatic balance of neurotrophic factors (NPY, ST, SP, GH, 
insulin and insulin-like growth factors, together with gonadal hormones), is 
disturbed by aging, leading to a h 3 q>er-responsiveness to stress and loss of the 
diurnal rhythm of glucocorticoids. Neurotransmitters such as serotonin and 
dopamine are also intimately involved in the aging process. The imbalance 
between neuroprotective and neuroaggressive factors leads to changes that 
are similar to those of AD and permit the development of the disease. This 
holistic approach is daunting when applied to clinical application as no sin- 
gle therapy can hope to alleviate the devastating effects of this disease. 

A more encouraging view of the clinical potential of pharmaceutical 
research is presented by Oliver et al. [69]. They argue that neuropeptide sys- 
tems offer certain characteristics that distinguish them from neurotransmit- 
ters and thereby make neuropeptides attractive for drug targeting. This is 
especially relevant for identified antagonists of neuropeptide receptors. Infor- 
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mation derived from bioinformatics, proteomic and transgenic approaches 
should ultimately lead to clinical benefits. 

Treatment of AD traditionally involves enhancement of cholinergic trans- 
mission through adminstration of acetylcholinesterase inhibitors and new 
cholinergic agonists and enhancers are currently in development. A review 
by Emre and Qizilbash [70] cites other therapeutic approaches directed 
toward modulation of neurotransmitters, neuropeptides and those sub- 
stances acting via excitatory amino acid receptors, such as ampakines or N- 
methyl-D-aspartate (NMDA) antagonists. Introduction of atypical neurolep- 
tics is one of the more recent developments in the treatment of behavioral 
symptoms. Other approaches attempt to decrease the accumulation of p- 
amyloid. An exciting development is vaccination with amyloid-p peptide, a 
vaccine that appears to be effective in an animal model and is currently in 
clinical trials. The possible protective action of estrogens is also a controver- 
sial topic at the moment. 



5.2.3 Depression 

While animal studies demonstrate that neurotransmitter systems are 
involved in depression, the neuropeptides SP, CRH, NPY, VP and ST are also 
important factors [71]. An SP antagonist has been shown to have clinical effi- 
ciency in depression [72]. The therapeutic use of antidepressants affecting 
serotonin transmission is widespread but these are characterized by slow 
onset of action and side effects. Holsboer [73] suggests that the corticosteroid 
receptor h 5 T)Othesis of depression leads to a new drug target, that of CRH 
receptors, and he discusses new strategies for screening compounds that 
include the use of DNA microarrays, searches of compound libraries to behav- 
ioral screens of mouse mutants. Patients with stress-associated disorders such 
as depression or intensive anxiety have elevated levels of CRH and dynamic 
endocrine studies indicate that both hypothalamic and extra-hypothalamic 
concentrations of CRH are increased. Clinical studies show that CRH is the 
principal neuropeptide involved in regulating stress [74]. While the causes of 
the increased CRH in depression are unknown, the involvement of gluco- 
corticoid receptors as a result of stressors is likely. Clinically effective antide- 
pressant therapies often normalize CRH, and the dampening of h)^ereac- 
tivity of the HPA system by antidepressants is associated with successful treat- 
ment of psychopathology [75]. Mitchell [76] suggests that the careful 
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manipulation of CRH may hold therapeutic promise for sufferers of mood 
disorders. A review of a possible significant role for arginine VP in the patho- 
physiology of major depression proposes that future antidepressants may tar- 
get the vasopressinergic system as AVP and CRH act synergistically to stimu- 
late ACTH release from the pituitary [77]. 

5.2.4 Sleep disorders 

Various neuropeptides regulate the electrophysiological and neuroendocrine 
control of sleep. The balance between GHRH and CRH plays a key role in nor- 
mal and pathological sleep regulation. In normal young subjects, GHRH stim- 
ulates slow-wave sleep and GH secretion but inhibits cortisol release, whereas 
CRH has the opposite effect. In normal elderly subjects and in patients with 
acute depression, the GHRH ratio is changed in favor of CRH, resulting in dis- 
turbances in sleep endocrine activity. Galanin and NPY promote sleep, 
whereas in the elderly ST impairs sleep. Rapid eye movement is modulated 
by VIP. The impact of delta sleep-inducing peptide on human sleep regula- 
tion is not yet clear [78, 79]. Sleep disturbances are characteristic of normal 
aging and no long-term drugs that promote sleep without inducing addic- 
tion are available. Thus investigation of neuropeptide actions on sleep should 
be a profitable guide for investigations leading to clinical application. 

5.2.5 Obsessive compulsive disorder 

Present therapy for obsessive compulsive disorder (OCD) centers on antide- 
pressants, of which serotonin uptake inhibitors are the most potent. How- 
ever, the extensive interaction between brain neuropeptidergic and 
monoaminergic systems lends credibility to the belief that a wide variety of 
neuropeptides may be involved. In a review by McDougle et al. [80] the role 
of different neuropeptides in the clinical neurobiology of children, adoles- 
cents and adults with OCD is discussed, emphasizing the importance of the 
development of age-related symptoms. The recent discovery of novel drugs, 
termed peptoids, that mimic or block neuropeptide function may permit a 
high degree of selectivity of drug action. Peptoid agonists can exert extremely 
powerful actions on brain function. Peptoid antagonists appear to be rela- 
tively free of side effects since neuropeptide systems are only activated under 
very selective conditions. High efficiency kappa opioid receptor agonists 
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such as CI-977 (enoline) have potential for the treatment of pain and stroke 
while highly selective CCK-B antagonists such as Cl-988 are helping to clar- 
ify the mechanisms underl 3 dng the treatment of anxiety disorders and drug 
abuse. 

5.3 Neuropeptides and inflammation 

A recent study of neuroendocrine involvement in acute inflammatory 
episodes uses leprosy as an example of the interaction of peripheral and CNS 
factors [81]. Multiple components of the neuroendocrine system, both local 
and systemic are involved in the regulation of inflammation. Peptidergic sen- 
sory fibers not only signal the CNS but also release active peptides into the 
tissues that they innervate. These include the tachykinins (SP and NKA), 
CGRP and VIP. Most of these neuropeptides are proinflammatory. T cells of 
the immune system bear receptors for these peptides and can dramatically 
affect cytokine production. Cytokines, in turn, activate the sympathetic ner- 
vous system and the HPA axis, resulting in release of cortisol, a major anti- 
inflammatory hormone. Cortisone and cortisone analogs, such as pred- 
nisolone, are among the most effective treatments for leprosy pathology [82] . 
In leprosy sensory C fibers and sympathetic innervation are destroyed and 
anti-inflammatory feedback circuits involving the HPA axis are blunted, 
aggravating the inflammation. Thus communication between the nervous, 
endocrine and immune systems is essential for the maintenance of physio- 
logical equilibrium. ST has been proposed as the intersystem signaling mol- 
ecule, with emphasis on the immune system. Systemic or local treatment 
with ST or ST analogs is beneficial in animal models of autoimmune disease 
and chronic inflammation, apparently antagonizing the effects of SP [83]. 

a-MSH is one of the principal neuroimmunomodulating neuropeptides 
and seems to exercise some control on the cutaneous inflammatory process. 
This appears to be a bi-directional circuit between the brain, immune system 
and the skin. This process involves both a central action, mediated by 
descending anti-inflammatory pathways and a local direct action on inflam- 
matory cells infiltrating the dermis. The production of inflammatory 
cytokines by cells invading the dermis, such as monocytes, macrophages and 
neutrophils, is down-regulated by a-MSH while that of the anti-inflamma- 
tory cytokine IL-10 is stimulated [84]. In a study of patients with infectious 
and inflammatory disease, it was found that levels of a-MSH were elevated 
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in HIV-infected patients and in the s}rnovial fluid of arthritis patients. Treat- 
ment of HIV-infected patients and patients with septic syndrome with a-MSH 
reduced production of cytokines in whole blood samples stimulated with 
endotoxin. 

The involvement of the inflammatory system in evoking the secretion of 
neuropeptides and proinflammatory cytokines in the syndrome of patients 
with complex regional pain, is extensively discussed by Huygen et al. [85]. 
The possible development and application of drugs that could act through 
selective receptor antagonism or inhibition of enzymatic synthesis may pre- 
vent further stimulation of this cascade. a-MSH may play a role in pain pro- 
duced by inflammation as it alleviates neuropathic pain, both acute and 
chronic, in rats following chronic infusion of the melanocortin-receptor 
antagonist SHU9119. This effect is most likely mediated through the MC4 
receptor in the spinal cord [86]. These several central and peripheral effects 
of a-MSH indicate that it might be worthwhile to investigate its clinical pos- 
sibilities for the treatment of inflammatory disease in humans [87] especially 
as many clinical studies have shown this neuropeptide to be well-tolerated. 

5.4 Neuroregenerative and neuroprotective action of 
neuropeptides 

Growth factors are implicated in the development and regeneration of both 
central and peripheral neurons and it is beyond the scope of this review to 
enumerate the many review articles on this topic. Instead I have chosen to 
emphasize the role of the melanocortins since this is the area with which I 
am most familiar. 

There is extensive evidence from animal models that melanocortins accel- 
erate recovery from nerve trauma, ameliorate many neuropathies and may 
be helpful in alleviating convulsive seizures. The marked effects of the 
melanocortins on the development and regeneration of peripheral nerves in 
rats is described in several reviews [88-90] but there is also considerable evi- 
dence for a significant effect on CNS neurons. In tissue culture studies, 
melanocortins have been shown to exert a direct effect on cultured primary 
sensory and motor neurons. Neurons from different CNS regions respond dif- 
ferently to specific melanocortins [91-93]. 

In the intact animal the melanocortins act centrally, when administered 
prenatally or perinatally, to accelerate the integrated development of the neu- 
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romuscular system [42, 94, 95] and to affect the development of sexual 
behavior [96, 97]. The poor regenerative properties of CNS neurons can be 
ameliorated to some extent by modifying their environment. The 
melanocortins are one of the many trophic factors that appear to be moder- 
ately successful in ameliorating the deleterious effects of brain or spinal cord 
damage. Various peptide fragments of ACTH, referred to collectively as 
melanocortins, have been administered to animals with different brain 
lesions (neocortical, hippocampal and sham lesions) and the results on cog- 
nitive behavior and learning evaluated. The results have been extremely 
mixed. Part of the problem appears to be variation in the specific 
melanocortin peptide administered, its timing and dosage. Compensation, 
perhaps including collateral sprouting of remaining inputs and the subse- 
quent formation of new synapses, may play an important part in recovery 
from brain damage [98-102]. More consistent evidence for a positive role of 
the melanocortins in recovery from brain lesions comes from experiments in 
which recovery of motor function can be quantitatively assayed. In a model 
involving lesions of the nigrostriatal system, a dopaminergic system involved 
in Parkinson's disease and other motor dysfunctions in humans, adminis- 
tration of a synthetic melanocortin, ORG 2766, an ACTH 4-9 analogue, accel- 
erated spontaneous recovery [103]. Postsynaptic sensitivity of the dopamin- 
ergic receptors occurs following unilateral nigrostriatal lesions and the result- 
ing denervation supersensivity is accelerated in the peptide treated rats. The 
rapidity with which this occurs favors increased neuronal survival rather than 
regeneration, indicating a neuroprotective or compensatory role for this pep- 
tide. In addition, ORG 2766 acutely enhances morphological and biochem- 
ical recovery following nigrostriatal destruction [104]. 

Clinically, successful ACTH administration to patients with a deficiency 
of this anterior pituitary hormone, is well-established but reports on the clin- 
ical administration of its non-corticosteroidogenic fragments for disorders of 
the CNS are much more limited. Clinical trials involving the administration 
of ORG 2766 to prevent the development of neuropathy in women with ovar- 
ian cancer treated with cisplatin have had positive results [105, 106] although 
extensive Phase 3 trials using vibration threshold as an indicator of neu- 
ropathy were discontinued. Some encouraging results were obtained in a 
small pilot study of patients with progressive spinal muscular atrophy, carpal 
tunnel syndrome and multiple sclerosis [107]. Diseases primarily of myogenic 
origin, such as muscular dystrophy, do not respond to this peptide. 
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6 Summary 

The general characteristics of neuropeptides are discussed as a background for 
the understanding of their role in regulation of physiological systems. The 
extent of those systems that are crucially affected by neuropeptides is vast and 
the complexity of their interactions makes the clinical focus on a specific neu- 
ropeptide unsatisfactory. The clinical potential of neuropeptides affecting 
eating disorders, CNS behavioral disorders and the neuroregenerative and 
neuroprotective action of neuropeptides is discussed. It is probable that suc- 
cessful neuropeptide therapeutics will depend upon the application of trans- 
lational and combinational research using various ingenious combinations 
of neuropeptides, their agonists and antagonists, neuropeptide receptor ago- 
nists and antagonists, improved methods of delivery and the development 
of peptides targeted to the genetic profile of individual patients. 
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Glossary of abbreviations 

4F2hc, unbiquitous cell surface antigen (CD98) heavy chain; A/ATA, amino acid transporter 
(preferring small neutral amino acids and an N-methyl group); ABC, ATP binding cassette; 
ACE, angiotensin converting enzyme; AMT, adsorptive-mediated transcytosis; ASC, neutral 
amino acid transporter (preferring alanine, serine and cysteine); ATP, adenosine triphosphate; 
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1 Introduction 

All organisms with a complex nervous system have a well-developed blood- 
central nervous system barrier. In the vertebrates the central nervous system 
(CNS) lies behind the protective blood-brain barrier (BBB) and blood-cere- 
brospinal fluid barrier (BCSFB). In all mammals the BBB is formed at the level 
of the cerebral capillary endothelial cells and the BCSFB by the choroid 
plexus epithelium. 

The physical barrier to solute movement between the cerebral endothe- 
lial cells is formed by transmembrane proteins creating tight junctional com- 
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plexes between the cells which effectively abolishes any aqueous paracellu- 
lar diffusional pathways between the blood and brain extracellular fluid [1]. 
In a complementary way a diffusional barrier is created between the apical 
epithelial cells of the choroid plexus by similar junctional complexes creat- 
ing a comparable diffusional barrier between the extracellular fluid of the 
choroid plexus, which is in free diffusional communication with the blood 
plasma, and the cerebrospinal fluid (CSF) [2]. An essential function of the BBB 
and the BCSFB is to create a separate extracellular fluid (ECF) compartment 
for the CNS distinct from the general somatic ECF, which can be regulated 
with precision in terms of its solute composition. The CNS relies almost 
entirely for its function on accurate synaptic transmission, combined with 
summation and inhibition, all of which are chemically regulated. Unless the 
S 5 mapse can operate against a very stable fluid background environment, the 
complex integrative and control functions of the CNS become impossible to 
sustain. A simple example of the BBB at work is that of neuromuscular block- 
ade. This is pharmcologically relatively easy to achieve with a number of 
injected agents acting both pre- or post-synaptically at the neuromuscular 
junction. However in most cases the central cholinergic and other synapses 
are unaffected. 

The creation of the BBB and BCSFB therefore effectively seals CNS from 
most polar blood-borne solutes. Thus, in order for the CNS to receive a suf- 
ficient supply of vital polar metabolites and other solutes necessary for CNS 
function, the cerebral vasculature must contain specific transport mecha- 
nisms to deliver these solutes across the barriers [3] . 

A significant number of lipophilic solutes are able to diffuse across the 
brain barrier by direct permeation through the lipoidal cell membranes. In 
general, the more lipid soluble a molecule is the greater is its potential for pas- 
sively partitioning into brain tissue [4]. However, many lipid soluble solutes 
do not penetrate into brain to an extent that might be anticipated from their 
lipid solubility. These solutes, plus some of their metabolites, are actively 
removed from the cerebral compartment by efflux transporters in the blood- 
brain and blood-CSF barriers [5-7]. 

A further general function of the blood-brain barriers is that of neuro- 
protection. During a lifetime the CNS will be exposed to a large number of 
physiological metabolites and acquired xenobiotics, many of which are 
potentially neurotoxic. In a tissue such as the CNS, where in the adult neu- 
ronal cell division is virtually absent, any acceleration in cell death will cause 
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Figure 1 . 

Transport across the blood-brain barrier, (a) Leukocyte movement across the BBB; (b) Molecules may 
diffuse across the BBB by passive diffusion through the cell membranes and across the endothelial 
cells. In general the more lipid soluble a molecule the greater the CNS penetration; (c) Active carrier- 
mediated efflux transporters are able to expel a wide and varied range of molecules out of the BBB 
and reduce their CNS penetration to a level below that predicted by their lipid solubility; (d) Many 
necessary polar metabolites and nutrients must be carried into the CNS by transporters in the BBB; 
(e) Some macromolecules, proteins and peptides are transported by receptor-mediated transcytosis 
(RMT); (f) Other macromolecules, especially cationic, induce adsorptive-mediated transcytosis (AMT); 
(g) Tight junctions may be modulated to allow an increased movement of polar solutes through the 
aqueous paracellular pathway. These mechanisms and others are discussed in the text. 



premature degenerative disease and pathology. The formation of a harrier to 
these potentially toxic substances, both in terms of the physical barrier and 
the metabolic and transport barriers, serves to protect the CNS. 

There is normally very little obvious vesicular, transcytotic traffic across 
the CNS endothelium, but some solutes can be brought across by receptor- 
mediated transcytosis in small vesicles. Another means of solute entry into 
brain does not involve the CNS vasculature but rather an extracellular, peri- 
axonal pathway from peripheral tissues such as muscle and nasal mucosa. 

An account of these barriers forms the basis of this review and is sum- 
marised in Figure 1. 
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2 Tight junctions 

The locus of the endothelial or blood-brain [8], and the epithelial or the 
blood-CSF [9, 10], paracellular barriers is the tight junction. A popular 
method used to assess the integrity of tight junctions and thus permeability 
of an endothelial or epithelial monolayer in vitro is to measure the trans- 
endothelial (or epithelial) electrical resistance (TER). In most current in vitro 
preparations, brain endothelial cells are co-cultured with a layer of astrocytes 
to yield, most commonly, a TER of about 100-150 Q • cm^ as compared to the 
mean value of 1800 Q • cm^ for pial microvessels in vivo [11]. 

The endothelial and epithelial tight junction consists of three integral 
membrane proteins : claudins, occludin and a junctional adhesion molecule 
(JAM) which, together with several peripheral proteins, constitute the junc- 
tional complex. The appearance of the formed tight junction is most readily 
appreciated in replicas of the frozen and fractured cell membranes at the 
junction (reviewed in [12]). Within the cleaved lipid bilayer of endothelial 
cell membrane from brain, the junction appears as a series of parallel, inter- 
connected strands or fibrils (Fig. 2). The formation of the strands depends on 
claudin-5 (23 kDa) [13]. The tight junctions of choroid plexus epithelium dif- 
fer from endothelium in that they also contain claudins -1 and 11 [2]. 
Occludin (65 kDa) [14], is not required for strand formation [15] but, in some 
ill-defined way, affects junctional permeability. JAM (36-41 kDa), a member 
of the immunoglobulin superfamily, is involved in monocyte transmigration. 
In brain, the indirect evidence for this function has been obtained in mice 
with meningitis induced by the intraventricular infusion of the inflamma- 
tory cytokines TNF-a and IL-ip. The prior intravenous injection of a mono- 
clonal antibody to JAM, attenuates the migration of neutrophils and mono- 
cytes into the CSF and brain parenchyma of these mice [16]. 

A number of peripheral proteins, regarded as scaffolding or linkers for the 
integral molecules of the tight junction in endothelia and epithelia, form a 
cytoplasmic plaque adjacent to the junctional cell membrane. The plaque 
proteins are part of the tight junction complex and include the guanylate 
kinases; ZO-1 (220 kDa), ZO-2 (160 kDa) and ZO-3 (130 kDa). Another plaque 
protein is cingulin (140 kDa), which is myosin-like and binds to the ZO com- 
plex and to F-actin of the C 3 doskeleton [17]. 

Except where there are fibrillar discontinuities (Fig. 2), which imply 
increased permeability, the number, length and complexity of the strands 
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Figure 2. 

Carbon and platinum replicas of frozen-fractured confluent layers of bovine brain endothelial cells in 
vitro. Tight junctions appear as granular strands or fibrils. 

(a) In developing tight junctions (left figure), the strands have loose ends (arrows), indicative of a per- 
meable junction, which also has the immature attribute of an intercalated gap junction (Gj), consist- 
ing of larger particles, (b) This mature tight junction appears as a network of interconnected strands 
or fibrils. The line marked \i refers to 1 ^im [54]. 



and the ZO-1 linker phosphoprotein cannot be consistently correlated with 
the permeability of the tight junction. Epithelia with a high TER and thus 
relatively impermeable to solutes, can be rendered leaky in vitro. Their TER 
falls, yet the arrangement and pattern of the junctional fibrils are identical 
to those cell layers with a high TER [18], In two different strains of Mardin- 
Darby canine kidney cells, one having a fifty to seventy fold higher TER than 
the other, the strands are very similar in number, total length and complex- 
ity in both cell strains, as is the amount of ZO-1 [19]. 

Although the tight junction's fibrillar substructure does not reflect its per- 
meability, its state of phosphorylation does. Phosphorylation of the proteins 
constituting tight junctions enhances their permeability, as assessed in vitro, 
by the passive flux of extracellular probes such as albumin (67 kDa) or inulin 
(5 kDa) and by the TER across the cell monolayer. Tyrosine phosphorylation 
can be augmented in the adhesion plaque protein, paxillin, which links inte- 
grins to the cjToskeleton (Fig. 2). This phosphorylation, e.g. in isolated coro- 
nary venules, leads to an increased passive permeability of the endothelium 
to albumin [20]. In addition, enhanced tyrosine phosphorylation in brain 
endothelial cells, decreases their TER [21]. 
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Figure 3. 

Tight junction and adherens junction between endothelial cells and between epithelial cells. Tight 
junctions consist of integral (intramembranous) membrane proteins, CO (Claudins and Occludin) and 
the junction adhesion molecule or JAM, labeled here as J. Three peripheral proteins, ZO-1, 2, and 3 
of the tight junction (or Zonula Occludens) are closely associated with the integral proteins. 

A, a-actinin protein cross-links F-actin to other F-actin filaments and to other plasma membrane com- 
ponents, such as the adhesion molecules of integrins and adhesion plaques; Ad PI, adhesion plaques 
situated at the basal surface of the two cells face the ECM; ECM, extracellular matrix, includes basal 
lamina lying Immediately beneath the cells; AP, accessory proteins of the tight junction, e.g. cingulin; 
C, cadherins of the adherens junction; Cts, catenins are linker proteins of the adherens junction; ECM, 
extracellular matrix includes the basal lamina, depicted as the shaded band; I, integrins; IP, integrin 
associated proteins; j, junction associated molecule (JAM); OC, occludin and claudins; R, receptor, 
e.g. for growth factor; ZOs, linker proteins of Zonula Occludens (tight junction). 



Extracellular signals can influence the permeability of the tight junction 
by a common structural path, the c 3 ^oskeleton, which connects adhesion 
molecules and integrins on the cell membrane to the molecules comprising 
the junctional complex (Fig. 3). The peripheral protein ZO-1 provides a link 
between its integral membrane protein, occludin, by way of F-actin [22], a 
component of the cytoskeleton (Fig. 3). Cingulin, a myosin-like protein 
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binds to the ZO complex and to actin [17], thereby further connecting the 
tight junction to the cytoskeleton. The tight junction is, therefore, con- 
nected to the cytoskeleton by way of both its integral and its peripheral sub- 
units. The molecular anatomy of the endothelial junctional complex of the 
blood-brain barrier has recently been reviewed [23]. 

3 Cytokines 

The blood-brain barrier is reversibly disrupted during inflammation by 
cjdokines, which are humoral substances secreted by leukocytes from periph- 
eral blood and by cells of the CNS. Astrocytes, co-cultured with brain 
endothelial cells, secrete cytokines, including basic fibroblastic growth fac- 
tor (bFGF) and when stimulated, secrete a combination of pro-inflammatory 
cytokines: TNF-a, transforming growth factor-beta (TGF-|3), and interleukins, 
e.g. IL-3 [24]. 

Cytokines open endothelial tight junctions by acting directly on the inte- 
gral molecules of the junction and, by also acting on their ZO linkers, they 
affect cytoskeletal actin. An alternate route taken by signals, initiated at the 
basolateral cell membrane where focal adhesions, integrins and certain recep- 
tors reside, is by way of actin to the junction complex (Fig. 2). When TNF-a 
is added to the luminal face of a brain endothelial monolayer in vitro, there 
is a concomitant increase in permeability and a reorganization of F-actin into 
stress fiber bundles. The significance of the actin reorganization may be a 
change in cell shape which could affect the configuration of the tight junc- 
tion [25]. 

A mechanism by which the permeability of an epithelium or endothelium 
is reversibly elevated appears to be the temporary translocation of its junc- 
tional proteins away from the site of the tight junctions. The tight junction- 
associated protein QAM) is redistributed from the junction region of the cell 
membrane toward the apical surface, following a combined treatment with 
TNF-a and IFN-y (gamma interferon). The result is an increase in leukocyte 
passage across endothelium [26]. 

4 Cell entry 

The barrier endothelium that restricts polar solutes from entering normal 
brain also restrains circulating immunocjdes. Activated cells, nevertheless, can 
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penetrate the brain. T-lymphocytes, stimulated non-specifically, in vitro, with 
the mitogenic lectin, concanavalin-A and re-injected into blood, enter CNS 
randomly then leave. T cells not only enter the CNS but are retained within 
it only after they are presented with and recognize brain-specific antigens [27] . 

Passage across endothelium must be preceded by temporary adhesion of 
the lymphocytes to the endothelium by way of cell adhesion molecules 
expressed on both immunocytes and endothelium. The more than 20 adhe- 
sion molecules so far identified include members of the immunoglobulin 
family, e.g. vascular cell adhesion molecule 1 (VCAM-1) and intercellular 
adhesion molecule 1 (I CAM-1) on human brain endothelium [28] as well as 
in rodents. The ligand for endothelial VCAM-1 is very late antigen-4 (VLA 4), 
an integrin receptor expressed, e.g. on monocytes and lymphoc)ftes. The 
potentially therapeutic, immunological blocking of VLA-4 reduces the num- 
ber of lymphocytes binding to inflamed CNS in animals with experimental 
allergic encephalitis (EAE). A weakness of this interpretation is that antibod- 
ies to the adhesion factors may be given long after intravascularly infused 
encephalitogenic T cells have penetrated the CNS, and so it would appear that 
their effect may not be on adhesion alone [27]. Lymphocytes that adhere to 
the luminal face of endothelium are now ready for transendothelial migra- 
tion which can be enhanced by proinflammatory cytokines. 

Immunocytes migrate across CNS endothelium both paracellularly and 
transcellularly. Paracellular migration of cells through the tight junctions has 
been inferred from blocking with antibody against its associated junctional 
adhesion molecule QAM). The result is a decreased accumulation of cytokine- 
activated leucocytes in CSF and parenchyma [16] as discussed above. A para- 
cellular but non-junctional route for activated neutrophils is through extra- 
cellular "corners" between three contiguous human umbilical endothelial 
cells grown in astrocyte conditioned medium containing cytokines. The 
transendothelial resistance remains unchanged during cell passage, so the 
path may not be junctional [29]. CNS endothelium was not used in these 
thoroughly done experiments, which, therefore, can only be extrapolated to 
brain endothelium. A transendothelial passage of neutrophils across pial ves- 
sels in situ was brought about by stimulating these vessels which emit arm- 
like evaginations that embrace the cells and appear to draw them through 
the endothelial cells rather than between them [30]. 

The in vivo site of leukocyte migration during inflammation is determined 
by a subtle difference in the composition of the laminin component of the 
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perivascular basement membrane. In mice with EAE, the laminin bordering 
the perivascular space of post-capillary venules contains only the a-4 chain. 
It is here where activated, circulating T lymphocytes traverse the endothe- 
lium and its basal lamina, to enter the perivascular space. The mRNA for the 
a-4 chain is enhanced by TNF-a and IL-1 [31]. Once in the perivascular space, 
the cells continue their penetration into the CNS parenchyma by secreting 
matrix metalloproteases. These enzymes degrade the extracellular matrix 
thereby enabling the cells to cross the glia limitans to enter the parenchyma. 

5 Vesicular transport 

Although certain ions and solutes are selectively transferred across CNS 
endothelium by special carriers (see below), some solutes and viruses are 
transported across cells by vesicular transcytosis. Transcytosis begins as a 
microinvagination of the cell membrane to form a pit or caveola (Fig. 4). The 
pit pinches off as a free vesicle that migrates across the cell to the opposite 
cell membrane to which it fuses and releases its contents into the perien- 
dothelial basal lamina. What little solute is incorporated by fluid-phase endo- 
cytosis in brain endothelium is usually destined for enzymatic degradation 
in cytoplasmic organelles such as lysosomes. 

5.1 Adsorptive transcytosis 

The luminal portion of brain endothelial cell membrane is rich in galactosy- 
lated glycoconjugates which bind lectin, such as wheat germ agglutinin 
(WGA). A conjugate of this lectin and horseradish peroxidase (HRP) are 
adsorbed to the glycoconjugates and the entire complex is endocytosed. Such 
adsorptive endocytosis and efflux of lectins is more extensive but much 
slower than fluid-phase endocytosis of HRP and requires energy [32]. Non- 
permeating solute conjugated to lectins are not only internalized but may be 
transcytosed across brain endothelium [33]. Another mechanism for adsop- 
tive endocytosis is the salt-linkage between the negatively charged sialic acid 
[34] and phosphate groups on the endothelial's luminal face and positively 
charged solutes. Cationization of proteins such as albumin increases the rate 
and amount at which it is transcytosed [35]. However, the cationization of 
albumin is also necessary because CNS endothelium lacks the albumin recep- 
tor [36] that the endothelia of other organs have [37]. 
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Figure 4. 

Caveolae in endothelium of an arteriole in rat brain. 

(A) Horesradish peroxidase (HRP), a fluid-phase marker, when injected intravenously, reaches brain 
vessels where it enters the long neck (arrow) of a caveolar pit confluent with the vessel lumen (L). 

(B) Unlike capillary endothelium, this arteriolar endothelium is replete with caveolar pits. Many of the 
pits contain HRP. Without serial sections, pits cannot be differentiated from vesicles lying free within 
the cytoplasm. No detectable HRP was transcytosed at this time, as indicated by the absence of free 
reaction product in perivascular extracellular matrix (ECM) [55]. 



5.2 Receptor mediated transcytosis 

A specific transfer of solutes across CNS endothelium is mediated by recep- 
tor transcytosis; a ligand binds to its receptor on the endothelial cell mem- 
brane which forms a vesicle that is transcytosed. Transferrin, an iron-trans- 
porting metalloprotein, has receptors on the surface of blood vessels through- 
out the brain. Advantage has been taken of the receptors' ubiquitous 
distribution by conjugating a ligand to an antibody to the receptor in order 
to bring it into brain [38]. The efficiency of this transfer is low in the mature 
rat brain, where "the transcytosis of transferrin into the brain interstitium is 
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only a minor pathway" [39]. Nevertheless, in rats with induced focal 
ischemia, the intravenous infusion of brain-derived neurotrophic factor, con- 
jugated to the transferrin receptor antibody, reduces the volume of ischemic 
injury by about 68% to 70% [40]. The reparative stages following ischemia 
might mimic normal development by inducing a transitory upregulation of 
transferrin receptors. 

5.3 Protein entry into brain via cranial and spinal nerves 

In the CNS, endocytosis is performed by endothelium and certain neurons 
in the brain stem, the axons of which project to the periphery or to small 
regions of the brain that lack a blood-brain barrier. These regions include the 
neural lobe (Fig. 5), median eminence, area postrema and choroid plexus. 

The brain stem nuclei become labeled with circulating horseradish per- 
oxidase (HRP) (Fig. 6), if its plasma concentration is sufficiently high and 
maintained for about 12 to 24 hours in mice [41]. But the HRP does not cross 
the barrier endothelium of the CNS. Instead, the HRP is endocytosed directly 
by axonal and dendritic terminals of cranial and spinal nerves that become 
bathed by HRP exuding across the permeable vessels of peripheral tissue, such 
as muscle, innervated by the axons. Similarly, the brainstem neurosecretory 
axons, arising from the supraoptic and paraventricular nuclei, terminate 
upon fenestrated, permeable vessels of the pituitary gland's neural lobe from 
which they endocytose the circulating HRP and transport it back to their cell 
bodies [41] (Figs. 5 and 6). 

5.4 Viral passage 

Viruses can penetrate the blood-brain barrier to enter brain parenchyma in 
several ways: e.g. paracellularly, vesicularly and as leukocyte cargo. This dis- 
cussion is limited to the paracellular and vesicular entry. The paracellular 
route for non-neurotropic viruses becomes available during inflammation. 
When the inflammatory cytokine, TNF-a is added to the medium of brain 
endothelium in vitro, HIV-1 (human immuno-defficiency virus-1), detected 
by its RNA, is able to enter the endothelial cells. The paracellular pathway, 
confirmed by the concurrent passage of the extracellular markers, inulin 
(5 kDa) and dextran [42], is not available to this virus across normal endothe- 
lium. 
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Figure 5. 

Retrograde labeling of brainstem nucleus from blood. The neurosecretory paraventricular nucleus of 
the hypothalamus in a mouse has endocytosed circulating HRP from the perivascular spaces of the 
pituitary gland's neural lobe. This HRP had exuded from the permeable, fenestrated vessels of the 
neural lobe and was transported by retrograde axoplasmic flow to the neuronal cell bodies. Within 
the cell bodies, the HRP is deposited in lysosomes, thereby visibly labeling the neurons before being 
hydrolysed in the lysosomes. About 50 mg of HRP had been intravenously infused in mature mice 
and permitted to circulate for 1 2-24 hours before fixation [41 , 56]. Dark-field illumination. 



Non-neurotropic viruses, such as HIV-1, can be transcytosed across unper- 
turbed endothelium in vivo. Virion binding to the endothelial cell membrane 
as a first step is critical. The HIV-1 virion's envelope glycoprotein gpl20 binds 
to the cell membrane before the endocytotic vesicle forms. HIV-1 without 
gpl20 does not bind and is not transc 5 dosed. The paracellular route is inac- 
cessible in normal animals, as manifested by the failure of albumin, co- 
infused with virus, to enter brain [43]. 

Another vesicular route available to circulating virus is axonic rather than 
endothelial. The fluid-phase endocytosis of HRP from the blood by axon ter- 
minals and its retrograde axoplasmic flow to brainstem nuclei [41] has been 
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Figure 6. 

Entry of circulating protein into brainstem nuclei. Circulating HRP leaves the permeable blood vessels 
of peripheral tissue, e.g. muscle and the brain's circumventricular organs, e.g. neural lobe (NL) and 
median eminence. The arcuate nucleus is labeled from vessels in the median eminence and the neu- 
rosecretory nuclei: S and P from pituitary blood. Note that protein enters the trigeminal nerve (V) 
motor nucleus via its axons but protein from within the brain leaves the brain by flowing extra-axon- 
ally (double arrow) along this nerve and cranial nerves I, II and VIII. 

It Is emphasized that intra-axonal entry into brainstem is confined to the nuclei and does not leave 
neurons to spill into the interstitial clefts. Based on [41], modified from [56]. 

Am, nucleus ambiguus; AP, area postrema; Ar, arcuate nucleus; I, intermediolateral column of spinal 
cord; L, deep cervical lymph node; M, muscle; NL, neural lobe of the pituitary gland; P, paraventric- 
ular nucleus of hypothalamus; S, supraoptic nucleus of hypothalamus; Sol, nucleus of the tractus soli- 
tarius; VM, ventral motor horn cells of the spinal cord. 



suggested as a means by which circulating, non-neurotropic virus can enter 
brain during a prolonged viremia [44]. The HRP analogy is plausible for viral 
entry because, in the early stages of HlV-1 infection, a circulating level of 10^ 
viral RNA copies/ml of blood is attained [42]. The analogy also implies that 
the viremia would have to be sustained for 12 to 24 hours. 

It is emphasized that the HRP is confined to the cranial nerve nuclei 
within the brain stem. However, when conjugated to the lectin, the HRP is 
able to move trans-synaptically to, at least, second-order neurons [45]. Neu- 
rotropic viruses bind selectively to receptors on neurites and can, without the 
aid of lectin, also migrate trans-synaptically. The incorporation and trans- 
S 5 maptic passage may be so specific that pseudorabies has been used to trace 
functionally discrete neural circuits [46]. 
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5.5 Cranial nerve route into and out of brain 

The blood-brain barrier may be non-invasively bypassed along an intracel- 
lular and an extracellular route involving the olfactory nerve. This route does 
not include the CNS endothelium. When HRP is placed in the nasal mucosa 
some of it is endocytosed by axon terminals and retrogradely transported 
within the axon to the cell body in the olfactory bulb [45]. HRP, conjugated 
to a lectin, is adsorptively endocytosed, conveyed intra-axonally to its cell 
body, then trans-synaptically to other neurons within the olfactory bulb [45] . 
This intra-axonal route is a minor one for most solutes. 

A major, concurrent, uptake of the solute by the same cranial nerve is 
extra-axonal. Solutes may diffuse extracellularly from the nasal mucosa into 
the peri-axonal sheaths of olfactory neurites. Extracellular passage is more 
rapid than the intracelluar one. The 26.5 kDa dimer of nerve growth factor 
(NGF), e.g. requires only 15 minutes to flow from nasal mucosa to the olfac- 
tory bulb in rats [47]; HRP (40 kDa), requires 45 to 90 minutes in rodents and 
squirrel monkeys. The slower intra-axonal route taken by lectin-conjugated 
HRP, requires about 6 hours to reach neurons in the olfactory bulb [45]. The 
fraction of NGF reaching the brain may only be picomolar in amount but is 
sufficient to enhance neural regrowth [47], The size limit of solute that can 
be transferred in this way is about 20 kDa [48] but apparently includes the 
NGF dimer. It is not clear why there should be a size constraint for an extra- 
cellular route. Another limitation of the nasal route is the nasal mucosa's 
aminopeptidase which could degrade peptides [49], probably before they can 
migrate very far along the nerves. 

The olfactory peri-axonal spaces are confluent with the sub-arachnoid 
space and thence the perivascular spaces and interstitial clefts throughout the 
brain [50]. The same route into brain is also available to the amoeba, Naegle- 
ria fowleri, which once in the nasal submucosa, can migrate peri-axonally, 
into the olfactory bulb within 24 hours in mice, to produce a necrotizing 
meningoencephalitis [51]. 

This extracellular pathway has immunological implications. The peri- 
axonal spaces that lead into brain also lead out of it along the sheaths of four 
cranial nerves: olfactory, optic, trigeminal and auditory, as well as spinal 
nerves (Fig. 5). Serum albumin, injected into the cerebral parenchyma or CSF, 
is propelled by bulk flow of interstitial fluid through the pathway described. 
About 14 to 47% of the albumin can be recovered from cervical lymphatics 
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[52]. Substances which could act as antigens, originating in the hrain, could 
take this pathway which is confluent with extra-cerebral tissue spaces that 
are, in turn, confluent with lymphatics. The antigen can then reach regional 
lymph nodes to initiate an immune response [50, 52]. 

A view ot how the blood-brain barrier attects the integrity ot brain cells 
must take into account any consequences ot the barrier's disruption. In addi- 
tion to disturbances in solute homeostasis ot the interstitial fluid, a pro- 
tracted, repeated disruption could lead to an appreciable entry ot plasma pro- 
teins into that fluid. This condition is approximated, in vitro, by adding albu- 
min to a culture ot astrocytes. The astrocytes respond by proliterating [53]. 
The in vivo response would be formation ot an astroglial scar. It is suggested, 
therefore, that the absence ot the albumin receptor on cerebral endothelium 
[36, 37] is yet another protective attribute ot the CNS vasculature. 

6 Fluid secretion at the blood-brain barriers 

Fluid is secreted by both the cerebrovascular endothelium (BBB) and the 
epithelium ot the choroid plexus (BCSFB). The fluid formed hy the endothe- 
lial cells ot the BBB contributes to the interstitial fluid ot the brain (ISF) and 
that by the epithelium ot the choroid plexus to the cerebrospinal fluid (CSF). 
The driving force for fluid formation in both cases is the sodium/postassium 
ATPase located, in the case ot the BBB in the abluminal membrane ot the 
endothelial cells [57] and in the apical membrane ot the choroid plexus 
epithelium [58-60]. Sodium then enters the endothelium and the epithelium 
trom blood down a concentration gradient by means ot a Na+/H+ exchanger 
on the opposing membrane and is extruded into ISF or CSF by the Na+/K+ 
ATPase (Fig. 7). Chloride and bicarbonate can then follow sodium utilising 
either chloride channels, a sodium/chloride/potassium co-transporter or a 
chloride/bicarbonate exchanger (Fig. 7). 

This secretion ot Na"^, Ch and bicarbonate creates a potential osmotic gra- 
dient which drives water across the endothelium or epithelium. Water prob- 
ably passes thorough the cells or may pass through the tight junctional com- 
plexes. Aquaporin 1 has been localised in the apical and basolateral mem- 
branes ot the choroid epithelium [61, 62] and one study [63] has reported 
aquaporin 4 in the cell membranes ot the BBB endothelial cells, although this 
has not been confirmed in other studies. Aquaporin 4 is certainly expressed 
in the perivascular end-teet and cell bodies ot glial cells and in glial cells bor- 
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Figure 7. 

Ion and water transport at the BBB and BCSFB. Fluid secretion is ultimately driven by the 
sodium/potassium-ATPase located in the abluminal membrane of the BBB and in the apical membrane 
of the choroid plexus. The epithelium of the choroid plexus is rich in carbonic anhydrase. Aquaporin 1 
(APi) has been shown to be expressed in the choroid plexus. Only one study indicates aquaporin 4 
(AP 4 ) expression in the BBB endothelium (see text). 



dering the sub-arachnoid space and also the ependymal cells adjacent to the 
ventricles and in osmosensory areas [64-66]. The presence of aquaporin 
water channels would substantially increase the hydraulic conductivity of the 
blood-brain barriers where they are expressed and probably play an impor- 
tant role in the formation of oedema. 

7 Other solute transporters of the blood-brain barriers 

7.1 Glucose 

The transport of both glucose and amino acids at the BBB has recently been 
reviewed [67]. There are at least 11 members of the family of facilitated glu- 
cose transporters GLUT [67, 68]. Glucose transport across the BBB is mainly 
facilitated by the GLUTl transporter which is insulin insensitive. GLUT 1 is 
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expressed in both the luminal and abluminal membranes of the cerebral 
endothelial cells [69-72] and facilitates glucose entry into the CNS down a 
concentration gradient from plasma to brain. 

The continuous utilisation of glucose by brain tissue produces a sink phe- 
nomenon maintaining the concentration gradient between blood and brain. 
However, the presence of the GLUTl transporter in both luminal and ablu- 
minal membranes is not sufficient in itself to fully explain a maintained 
directional transport of glucose from blood to brain under all conditions, 
where possible altered diffusion gradients may occur resulting from rapid 
fluctuations in glucose levels on both sides of the BBB. Because of high glu- 
cose utilization by the brain and the absence of paracellular pathways, cere- 
bral interstitial fluid glucose levels are on a "knife-edge" and become very sus- 
ceptible to falls in plasma glucose which could easily cause the interstitial 
fluid glucose concentration to plummet. It has been proposed that a locali- 
sation and high activity of hexokinase in a cytoplasmic compartment imme- 
diately under the luminal membrane of the cerebral endothelial cells is prob- 
ably critical for an adequate brain glucose supply maintaining a net cerebral 
influx of glucose with a minimal concentration gradient [73]. The Kj^ of 
GLUTl is approximately 6-8 mM [73], close to blood glucose levels under 
normoglycaemic conditions. The concentration of glucose in brain intersti- 
tial fluid is estimated to be between 0.5-3. 5 mM [74] and is similar in the CSF. 

The glucose transporter of neurons is predominately GLUT3, with GLUTl 
(45 kDa isoform) expression on glia and GLUTS on microglia [75]. Also sig- 
nificantly the insulin-sensitive GLUT4 may be expressed in the hypothala- 
mus [76]. Interestingly the sodium-dependant glucose transporter SGLTl 
appears to be expressed at the abluminal membranes of the BBB [77] also per- 
haps significantly expressed alongside the sodium/potassium ATPase [57], 
where it is well positioned to transport a quantity of glucose back into the 
endothelial cells of the BBB. The physiological significance of this abluminal 
SGLTl expression is not clear [77]. The choroid plexus expresses GLUTl 
(45 kDa isoform) exclusively in the epithelial cells [78]. 

7.2 Amino acids 

The blood-brain barrier also contains a spectrum of amino acid carriers, 
which allow the brain access to amino acids which are polar molecules and 
would otherwise be excluded by the barrier [79-81]. 
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The amino acid transport mechanisms are also important regulatory 
mechanisms controlling the amino acid composition of the brain extracel- 
lular fluid and supplying the brain with its amino acid requirements for pro- 
tein synthesis and repair. As with other body tissues several amino acids are 
essential to the brain by virtue of the fact that they cannot be fully synthe- 
sised de novo, although the precise essential dietary requirements show some 
species variation. Also, the synthesis of some neurotransmitters such as sero- 
tonin, histamine and dopamine which are derived from amino acids may 
potentially become limited by the supply of precursor [82, 83]. The amino 
acid transporters are asymmetrically expressed in the luminal and abluminal 
membranes of the cerebral endothelial cells which imparts directionality to 
their transport functions. This polarity of expression, along with that of 
many other transporters is induced in part by soluble factors and part by an 
intimate proximity with glial end feet. 

The BBB disposition of amino acid transporters and their typical substrates 
are shown in Figure 8. Two of the transporters, L and y+, are Na+ independent 
and are facilitative and bi-directional in nature and the others are driven by 
the sodium gradient and operate as co-transporters. The sodium independent 
transporters are the system for large neutral amino acids (LNAA), the L sys- 
tem, which is largely expressed as the high affinity Li isoform in the CNS and 
the system for cationic amino acids system y+. These transporters are 
expressed at a high level in both the luminal and abluminal cell membranes 
and can transport their substrates across the BBB from blood to brain. The 
Na+ dependent amino acid transporters, systems A, B° +, ASC, X"ag and sys- 
tem p for p amino acids, have a high affinity for their substrates. Systems A, 
ASC and B°'+ are expressed predominantly in the abluminal membrane of the 
cerebral endothelial cells whereas systems X~ag and p are expressed in both 
luminal and abluminal membranes [67, 81]. 

System L will transport large neutral amino acids with hydrophobic 
branched or aromatic side chains, the more hydrophobic the side-chain the 
greater the affinity of an amino acid for the transporter (defined as 1/Kj„) [84] . 
The L system transporter is composed of a heterodimer of two proteins either 
LATl or LAT2 and 4F2hc a ubiquitous cell surface antigen (CD98). These sub- 
units are covalently linked via a disuphide bond [85, 86]. 4F2hc in this situ- 
ation is suggested to be acting both a cell trafficing protein, directing the 
transporter into the cell membrane and possibly also a scaffolding protein 
orientating and supporting the LAT transporter in the membrane. 
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Figure 8. 

Amino acid transport at the BBB. The expression of amino acid transporter in the BBB shows polarity 
with different transporters expressed in the luminal and abluminal membranes. The level of expres- 
sion of some amino acid transporters also differs between the two membranes. The diameter of the 
circles indicating the transporter has been drawn approximately equal to the believed level of expres- 
sion and activity of the relevant transporter. 

L(Li), large neutral amino acid transporter; y^, cationic amino acid transporter; A(ATA), amino acid 
transporter (preferring small neutral amino acids and an N-methyl group); ASC, neutral amino acid 
transporter (preferring alanine, serine and cysteine); B°'^ neutral/cationic amino acid transporter; 
X“ag, amino acid transporter (preferring glutamic acid and aspartic acid); p, p-amino acid transporter. 



The transport proteins forming system y+, and also system ASC, appear 
also to require this association with a 4F2hc subunit to be functional in the 
cell membrane [67, 86]. System y+, also termed CATl, transports the essential 
cationic amino acids arginine, lysine and also ornithine into brain. y+ (CATl) 
mRNA is enriched 38% in brain capillaries compared to whole brain [87]. 

System A is expressed in all tissues and there are three reported isoforms 
ATAl-3, with ATAl and ATA2 the principal isoforms expressed in the BBB [88, 
89]. 
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Both system A and ASC are located in the abluminal membrane of the 
endothelial cells and have a preference for small neutral amino acids [90-95]. 

System has affinity for both neutral and basic amino acids [96] and 
system p transports p-alanine and taurine in both the luminal and ablumi- 
nal cell membranes [95, 97], 

The enzyme y-glutamyl transpeptidase is expressed in the luminal mem- 
brane of the brain capillary endothelial cells and is a key enzyme in the y-glu- 
tamyl cycle. It removes the y-glutamyl moiety from glutathione (GSH) which 
is then transported into the endothelial cell where it is converted into oxo- 
proline. Oxoproline is then thought to stimulate the activity of system A 
principally, and also system B° in the abluminal membrane of the cell. The 
oxoproline is further converted into glutamate and re-incorporated into GSH 
in the cell [91]. The y-glutamyl cycle thus plays a part in regulating amino 
acid transport in the endothelial cells and provides an intracellular genera- 
tor of GSH which can be exchanged for organic anions by oatp transporters 
(see below). 

The anionic amino acids are transportered by system which is 
expressed in both the luminal and abluminal endothelial cell membranes 
with a greater activity on the abluminal membrane. System X~ag will trans- 
port both glutamate and aspartate [98-101]. As the result of the assymetry of 
expression of X"ag net efflux of glutamate from the brain would appear to be 
20-fold higher than influx [82] . The presence of system X"ag transporting glu- 
tamate and asparatate and also system ASC transporting glycine into the BBB 
endothelium from adjacent brain interstitial fluid is an important compo- 
nent, in combination with re-uptake by neurones and glia and transport from 
CSF to blood across the choroid plexus, in maintaining a low level of these 
excitatory neurotransmitters in brain extracellular fluid. 

In the choroid plexus a number of amino acid transporters are expressed 
[102]. Studies in the perfused sheep choroid plexus with tracer levels of 
amino acid have suggested that there is a net entry of amino acid, from blood 
to CSF across the plexus epithelium [103, 104]. A carrier-mediated uptake of 
a number of amino acids from the CSF in rabbits has been shown [105] and 
this has been generally assumed to be due to transport from CSF to blood, 
largely across the choroid plexus. However, it would appear that under phys- 
iological conditions, there is a net entry of amino acids to CSF across the 
choroid plexus and that the overall low level of amino acids in CSF compared 
to blood is the result of uptake and utilization by brain tissue. 
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7.3 Nucleosides, nucleotides, and nucleobases 

The brain ultimately acquires most of the nucleotides that it requires for DNA 
and RNA synthesis from blood as the adult mammalian brain does not have 
a significant capacity for the de novo synthesis of these precursors [106]. Sal- 
vage pathways of the nucleobases hypoxanthine and adenine are also and 
important source of nucleotides [106, 107]. 

Early brain uptake index (BUI) studies [108] demonstrated rapid and sat- 
urable nucleoside transport into brain after intracarotid injection. The nucle- 
oside transporters are grouped into two classes the equilibrative nucleoside 
transporters (ENT) and the concentrative nucleoside transporters (CNT). 
There are two equilibrative transporters distinguished by their sensitivity to 
the inhibitor nitrobenzylmercaptopurine riboside (NBMPR). The equilibra- 
tive transporter ENTl(es) is sensitive to this inhibitor whilst ENT2 (ei) is not 
and both transporters will accept both purine and p)T:imidine nucleosides 
[109]. There are at least 6 subtypes of concentrative transporters (CNTl-6), 
all of which are Na+ dependent and function as co-transporters using the 
sodium gradient across the cell membrane to move their substrates against a 
concentration gradient [109], Of the concentrative transporters CNTl(cif) 
and CNT2(cit) are present in the BBB and CNT3(cib) is expressed in the 
choroid plexus together with both equilibrative transporters [109], Recent in 
vitro experiments using immortalized rat brain endothelial cells which are 
free from contamination with other cell types support this distribution of 
transporter with the demonstration of the functional expression of ENTl, 
ENT2, CNTl and CNT2 [110]. CNTl prefers purines, and CNT2 pyrimidines 
whereas CNT3 will accept both classes of nucleosides [109]. The nucleobase 
transporter SVCT2 is also present in brain [68]. 

7.4 Monocarboxylic acid transporters 

The BBB contains transporters for monocarboxylic acids. Seven subtypes of 
monocarboxylic acid transporters are so far recognized (MCTl-7) [68]. The 
monocarboxylic acids transporters are proton coupled, bi-directional, and are 
capable of transporting lactate, pyruvate and a number of other short-chain 
monocarboxylic acids, e.g. acetate and the ketone bodies acetoacetate and y- 
hydroxybutryrate, into brain which can be utilized as metabolic substrates 
[1 1 1] . In the brain MCTl and MCT2 appear to be expressed at significant lev- 
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els [112] and both are capable of transporting lactate. MCTl is expressed in 
the endothelial cells of the BBB in both the luminal and abluminal mem- 
branes [111-113] whereas MCT2 is expressed in the abluminal membranes 
of the endothelial cells and on the foot processes of astrocytes [7, 105]. 

It is suggested that MCTl may have a higher affinity for moncocarboxylic 
acids which can serve as brain metabolites such as ketone bodies [111] and 
MCT2 may be significant in the removal of lacate from brain to blood by 
maintaining a high concentration in the interstitial fluid close to the ablu- 
minal membrane of the endothelial cells where it can then be removed to 
blood by MCT2 [7, 113]. 

7.5 Organic anion transporters 

At least four members of this family of organic anion transporters have been 
described. OATl and 2 are principally expressed in liver and OAT3 in the 
brain [114]. The members of the family are multispecifc for their substrates, 
each transporting a wide range of structures but each of thetransporters has 
specific substrate preferences. All members of the family appear to transport 
para-aminohippuric acid (PAH) [114]. As a group they transport various low 
molecular weight and weakly amphiphilic substrates [115] and their physio- 
logical substrates are probably dicarboxylates. 

Based on functional studies [1 1 6, 1 1 7] OAT3 would appear to be the major 
OAT present in the BBB and the choroid plexus epithelium and also shows a 
strong signal with reverse transcription-polymerase chain reaction (RT-PCR) 
and Northern blotting from these locations [114]. OATl, 2 and 3 are also pre- 
sent in the apical membranes of the choroid plexus epithelium [118, 119]. 
The OAT transporters are exchange transporters and will exchange an organic 
anion for either a-ketoglutarate (OATl) [120] or Cl" or HCO3" in the case of 
OAT3 [121, 122]. 

7.6 Organic anion transporting polypeptides 

The organic anion transporting polypeptides (oatps in rat/OATPs in human) 
are a large family of transporters handling a wide range of substrates which 
are anionic at physiological pH [123]. Their physiological substrates include 
bile salts, steroid conjugates, thyroid hormones, leucotriene C4, biotin, glu- 
tathione, opiate and other small peptides and peptidomimetics [124-130]. 
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Their transport is driven by the substrate concentration gradient and they 
function as either organic anion/HC 03 " exchangers or organic anion/glu- 
athione exchangers, the transport is driven by the substrate concentration 
and is thus reversible depending on the direction of the concentration gra- 
dient [126, 131]. 

Studies in the rat suggest that oatpl is expressed in the apical membrane 
of the choroid plexus epithelial cells [132] and oatp2 in the basolateral mem- 
branes of these cells and in the BBB endothelial cells on both the luminal and 
abluminal membranes [129, 133]. Human OATP-B appears to be the princi- 
ple human brain transporter of this group and is expressed at the BBB [133, 
134]. 

7.7 Organic cation transporters (OCT and OCTN) 

Three organic cation transporters OCT 1-3 are described in the rat and the 
human and the transporters appear structurally to be closely related and 
transport a variety of organic cations [123]. They are driven by the cell mem- 
brane potential and probably function as sodium independent proton/ 
organic ion exchangers [135]. Relatively little is known about their distribu- 
tion in the brain. In the rat OCT3 is expressed in brain tissue generally [136] 
and OCT2 and OCT3 are expressed in the apical membrane of the choroid 
plexus [135]. The interesting observation has been made [137] that 
quinacrine is taken up at the apical membrane of the choroid plexus by OCT2 
but appears to be released at the basal membrane by a process of exocytosis. 

Two further organic cation transporters have been characterised as 
OCTNl and OCTN2, the N in the acronym referring to "novel". OCTN trans- 
porters have been described in the human, rat and mouse and appear fairly 
widespread between species [138]. They are structurally distinct from the 
OCTs but within the group are closely structurally related [123] and also func- 
tion as sodium independent, bi-directional, organic anion proton exchang- 
ers [139-141]. 

OCTNl, 2 and OCTN3 are expressed in cerebral endothelial cells in the 
mouse [142] whereas OCTN2 is expressed in the endothelium of the bovine, 
porcine and human BBB [143]. No human equivalent of mouse OCTN3 has 
yet been described [143]. OCTN2 appears to be expressed in the luminal 
membrane of the cerebral endothelial cells and both OCTNl and 2, or an 
additional unknown transporter at the abluminal membrane [142]. Both 
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OCTNl and OCTN2 are expressed in the choroid plexus but the location of 
expression remain to be determined [119]. 

8 ABC transporters of the blood-brain barriers 

The ABC transporters are a large group of structurally related transporters 
some of which play a critcal role in the blood-brain barrier by functioning as 
active efflux pumps transporting a wide range of structurally diverse com- 
pounds out of the CNS. The ABC transporters are able to hydrolyse ATP and 
possess two ATP binding sites on each transporter molecule. The hydrolysis 
of ATP provides the energy for their activity in moving their substrates 
against a concentration gradient and/or opposing their natural tendancy to 
partition into the lipid of the cell membrane. The ability of the ABC trans- 
porters to bind and hydrolyse ATP gives rise to the acronym ABC, indicating 
the ATP-binding cassette of transporters. At present in humans about 30 ABC 
transporters are recognised and are grouped into four families [144]. Of recog- 
nised importance in the blood-brain barrier are P-glycoprotein (Pgp), mul- 
tidrug resistance-associated protein (MRP) and breast cancer-resistance pro- 
tein (BCRP) each of which are members of a separate ABC family [144]. Their 
functions in the blood-brain and blood-CSF barriers have recently been the 
topic of some general reviews [121-124, 145, 146] and they will only be 
briefly reviewed here. The substrates of these ABC transporters include a 
number of physiological substrates, potentially neurotoxic xenobiotics and 
a large number of therapeutic drugs. This latter phenomenon presenting a 
huge challenge to effective brain drug delivery and to the treatment of CNS 
disease. The function of the ABC transporters in the CNS are generally as 
detoxifying and neuroprotective systems for the brain. 

8.1 P-glycoprotein (Pgp) 

P-gycoprotein is encoded by a group of related genes in mammals called mul- 
tidrug resistance genes [147]. In humans there are two gene products MDRl 
and MDR2 [148] and in rodents three mdrla, mdrlb and mdr2 [149]. Of sig- 
nificance in the CNS are MDRl, mdrla and mdrlb, for simplicity collectively 
termed here Pgp. MDRl and mdrla are expressed in the luminal membrane 
of the cerebral endothelial cells where they can transport their substrates 
directly into blood [150-154]. The substrates of Pgp are generally large pla- 
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nar molecules which are lipophilic and many steroids and glucuronides are 
endogenous substrates for Pgp [123]. Pgp is also expressed at the apical sur- 
face of the choroid plexus [155]. The location is described as sub-apical and 
appears to be largely in vesicles immediately under and in close association 
with the apical epithelial membrane. This may represent an intracellular pool 
of Pgp that can be inserted into the cell membrane or may suggest that the 
Pgp substrates are sequestered into vesicles in a manner reminiscent of OCT2, 
see above [137]. In rodents, mdrlb does not appear to be principally 
expressed in capillary endothelial cells but appears to be expressed generally 
in brain parenchyma [156]. 

8.2 Multidrug resistance-associated proteins (MRP) 

Seven isoforms of MRP are currently recognised [157], MRPl to MRP7. In the 
rat mrp2 is expressed in the luminal membranes of the BBB [158, 159] and 
RT-PCR signals for mrpl, mrp4 and mrp5 and a very weak signal for mrp6 are 
present in freshly isolated bovine brain capillaries [160]. Functional studies 
have suggested that MRPl is not present on the luminal surface of the brain 
endothelium [161]. This finding is also consistent with the observation that 
in the triple knockout mouse, where mdrla, mdrlb and mrpl are absent, that 
there is no increase in etoposide brain distribution although it is a substrate 
for all three transporters [162]. Putting all of these observations together they 
would suggest that mrpl is expressed in the abluminal and basolateral mem- 
branes of the blood-brain barrier and the choroid plexus respectively and 
mrp2 in the luminal membrane of the blood-brain barrier. The location of 
expression in the CNS and the substrate preferences for mrp4, mrp5 and 
mrp6 are still open to question. 

Substrate preferences for MRPs appear to overlap to some extent with Pgp 
and include glucuronides, cAMP, cGMP, glutathione conjugates, the bile 
acids glycocholate and taurocholate and organic anions are substrates [123]. 
MRP shows a preference for compounds containing some charge at physio- 
logical pH as demonstrated by the organic anions transported. 

8.3 Breast cancer-resistance protein (BCRP) 

Recently breast cancer-resistance protein (BCRP) sometimes called mitox- 
antrone-resistance protein (MXRl) has been shown to be present in the 
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blood-brain barrier [163-165]. The protein is clearly shown to be expressed 
in the luminal membrane of the cerebral endothelial cells [164] and pre- 
sumably functions in a similar manner to Pgp. A number of drugs have been 
shown to be substrates for BCRP [123] but its physiological substrates as yet 
are unknown. It is of interest that comparing the structures of Pgp, MRP and 
BCRP, that BCRP appears to be a half molecule with only one ATP binding 
site compared to the other two transporters and is thus assumed to dimerise 
in order to be active [166]. 

9 Specific peptide transporters 

It is now well established that many peptides are transferred across the BBB 
by means of specific transport mechanisms [167-171]. The PEPT2 transporter 
has been shown to be present in the choroid plexus [172] and glia [173] but 
is absent at the BBB. The routes and the mechanisms by which systemically 
circulating peptides may enter the brain and influence CNS function will not 
be reviewed here as the topic forms a subsequent chapter in this volume. 

1 0 Metabolic conversion in the blood-brain barriers 

It is now apparent that both the BBB and the BCSFB in addition to physical 
and transport barriers are also metabolic barriers to transport [174-176]. 
Many drugs and solutes are metabolized as they pass through the BBB and 
BCSFB. The barriers contain active Phase 1 enzymes (cytochromes P450, 
flavin-dependent oxygenases, monoamine oxidases, reductases, hydroiases) 
and Phase 2 enzymes (conjugating enzymes, sulphotransferases, GSH-trans- 
ferases, UDP-giucuronosyltransferases) [123, 174-176]. Metaboiism and/or 
conjugation may occur prior to subsequent efflux transport by an ABC trans- 
porter. 

There are also a number of significant peptidases in the blood-brain bar- 
riers and in brain tissue. Angiotensin converting enzyme (ACE) is present at 
the luminal surface of the BBB and in the microvilli at the apical surface of 
the choroidal epithelium [177]. Aminopeptidases and endopeptidases are 
also present as membrane bound enzymes on the cell membranes of neurons 
and glia and some exist in soluble form in brain extracellular fluid [178-182]. 
These enzjmies may function to limit peptide entry and their subsequent 
action within the CNS. 
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1 1 Conclusion 

The advent of molecular biological techniques have increased our under- 
standing of the blood brain barriers to an enormous extent in recent years. 
These advances, combined with the more traditional structural, in vitro and 
in vivo techniques, together provide very powerful tools with which to under- 
stand barrier function. Far from being regarded as simple physical barriers to 
solute diffusion, the blood-brain barriers are now being fully appreciated as 
physiological, metabolic and transport interfaces, which react and interact 
with a host of blood-borne factors and cellular elements. 
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1 Introduction 

No longer considered a static, impenetrable barrier, the dynamic regulatory 
functions of the blood-brain barrier (BBB) have become increasingly appar- 
ent. This is particularly evident for the transport of peptides across the BBB. 
Interactions of peptides with the endothelial cells composing the BBB could 
lead to endocytosis and eventually transcytosis of peptides. It is helpful to 
understand pertinent characteristics of the BBB, the circumventricular organs 
(CVOs), and choroid plexuses. Here we describe the methods used for mea- 
surement of the passage of peptides across the BBB, illustrate the types of 
interactions of peptides with the BBB, and summarize current results with the 
BBB penetration of feeding-related peptides. 

Part of the previous skepticism concerning the ability of peptides to cross 
the BBB probably could be explained by the lack of appropriate and sensitive 
methods for quantification of the relatively tiny amount in blood that 
reaches the brain parenchyma in intact form. For insulin, only about 0.05% 
of the amount injected reaches the brain [1] and this low amount cannot be 
explained by rapid transport out of the brain [2]. For cyclo(His-Pro), even 
though only about 0.02% reaches the brain after intravenous (iv) adminis- 
tration, this amount is sufficient to reduce sleep time resulting from ethanol- 
induced narcosis [3]. 

For opiates, it was shown many years ago that peripheral injection of an 
analog of Met-enkephalin causes electroencephalogram (EEG) changes that 
can be reversed by an opiate antagonist that crosses the BBB, but not by one 
which only acts peripherally [4] . This early study further established that even 
the small amounts of peptide crossing the BBB can exert actions there. 
Although morphine is not a peptide, it is often misleadingly thought that 
most of it freely enters the brain; yet only about 0.02% of the injected dose 
is found there [5, 6] and only 0.002% of the injected shellfish toxin domoic 
acid [7], although other factors such as efflux may be involved. 

In general, only a small portion of peripherally delivered peptide reaches 
brain parenchyma. However, the amount is often sufficient to affect physio- 
logical functions and modulate neuroendocrine and behavioral responses. 
Most of the effects involve direct passage across the BBB, as will be further 
discussed below. Thus, the study of where and how interactions take place at 
the BBB will provide essential information that could be used to modify the 
neurovascular interface and help design peptide therapeutics. 
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2 The relative roles of the BBB, CVOs, and choroid 
plexuses in the passage of peptides from blood to 
brain 

The BBB is formed by cerebral capillaries devoid of the gaps between their 
endothelial cells that occur elsewhere in the body. There are few fenestra- 
tions, pinocytic vesicles, or channels providing easy access of peripheral pep- 
tides to the brain. Instead, these capillary endothelial cells fit together with 
tight junctions lined by a continuous basement membrane on the brain side 
[ 8 ]. 

Capillaries in the CVOs do not have the t}^ical features of the BBB and 
therefore appear to provide more direct communication for peptides in the 
peripheral blood. The peptides, however, cannot penetrate beyond the CVOs 
to the rest of the brain within the BBB. This restriction is explained by tight 
junctions between ependymal cells which constitute a border between the 
CVOs and the rest of the brain [9]. 

The small capacity of the CVOs to transport peptides from blood to 
brain can be put into perspective by consideration of surface areas. The 
total surface area of the CVOs is only 0.02 cm^/g brain tissue whereas that 
of the BBB is 100 to 150 cm^/g of the BBB; this represents a 5000- to 7500- 
fold difference [10, 11]. Therefore, when radioactively labeled interleukin 
(IL)-la is delivered into blood, less than 5% of the total radioactivity rep- 
resenting intact IL-la in brain 20 min later is contributed by the CVOs [12, 
13]. 

The choroid plexuses line the ventricles of the brain. Like the CVOs, the 
endothelial cells of their capillaries are also devoid of tight junctions, but the 
apical part of their epithelial cells lining the cerebrospinal fluid (CSF) are 
sealed by tight junctions [9]. Some reports show that leptin enters the brain 
through the choroid plexus and median eminence (which is a CVO) [14-16], 
but we found no significant difference between the entry of ^H-leptin or 
leptin into the cortical area of the brain (which does not contain choroid 
plexuses and CVOs) and entry into the remainder of the brain [17]. Further- 
more, Flier and his associates do not feel that the choroid plexus and CSF is 
a major route for leptin reaching the hypothalamus [18]. They indicate that 
the low CSF leptin concentrations are not sufficient to activate Janus kinase- 
STAT signaling. 
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3 Technical considerations in quantifying BBB passage 
of peptides 

Since most peptides and polypeptides we study are large hydrophilic mole- 
cules that have slow and limited penetration across the BBB, traditional tech- 
niques such as the BUI (brain uptake index) method [19] are not appropriate 
and have led to the misconception that "circulating peptides do not effec- 
tively cross the BBB" and that "it is unlikely that distribution of peptides in 
brain will occur after systemic administration" [20]. The BUI method mea- 
sures single-pass uptake from blood over a few seconds and provides an excel- 
lent estimate of the rapid uptake of glucose and water by the brain. "How- 
ever, as so often stated, the BUI technique is unsuitable for study of slowly 
penetrating molecules" [8]. 

There are three basic methods to evaluate how much and how fast pep- 
tides cross the BBB: iv delivery followed by multiple-time regression analysis 
[17, 21-23], in situ brain perfusion [24-26], and studies in cultured brain 
microvessel endothelial cells constituting the in vitro BBB [27-30]. For each, 
the prerequisite is that the peptide remain stable during the study period and 
that it completely cross the endothelial cell barrier. 

3.1 Determination of the integrity and degradation patterns of 
the peptide in blood and brain by high performance liquid 
chromatography (HPLC) 

No matter what technique is used to determine that a peptide injected 
peripherally reaches the brain, it must be established that the peptide remains 
intact. Otherwise, a fragment of the injected substance could mistakenly 
appear to represent the intact peptide as measured by immunoreactivity or 
radioactivity. 

Chromatographic measurement, especially HPLC, is a convenient way to 
ensure that the injected peptide reaches the brain in intact form and to eas- 
ily quantify the percentage and pattern of degradation. For large peptides and 
polypeptides, use of SDS-PAGE (polyacrylamide gel electrophoresis) also can 
be helpful. Both of these chromatographic tools will identify intact peptide, 
any metabolic products, and the free radioactive label. 

Of the peptides we have studied, most remain relatively stable in blood 
for at least 10 minutes after injection into the blood stream. However, we 
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have preliminary data suggesting that 10 minutes after iv injection some pep- 
tides radioactively labeled with ^^^1 are more than 50% degraded in blood; 
these include orexin B, galanin, peptide YY (PYY 1-36), urocortin 111 (stress- 
copin), neuropeptide W-23, [6-Br-L-Trp] -neuropeptide B-29, and the polypep- 
tide lL-11. Oncostatin M, NEP(l-40), and PYY(3-36) remained between 50 - 
60% intact after 10 min. Some others, like prolactin-releasing peptide-31 
(PrP), are rapidly degraded by brain, even after allowance for the amount of 
metabolism occurring during the process of homogenization of brain tissue 
with its consequent liberation of intracellular enzymes. 

Degradation can occur after passage across the BBB and entry into brain 
before the homogenization process. If this happens, the reported values for 
intact peptide reaching the brain would be underestimated. In addition, some 
degradation can occur at the BBB itself resulting from peptidases present in 
the capillary endothelial cells [31], and this can vary in microvessels that are 
obtained from different regions of the brain [32]. 

3.2 Estimation of compartmental distribution by capillary 
depletion 

Even if HPLC indicates that the injected peptide has remained intact, this can 
still be misleading because the brain tissue being examined includes blood 
vessels. The radioactively labeled peptide that was injected might be associ- 
ated with the brain vasculature but not the brain parenchyma. Therefore it 
is necessary to determine that the injected peptide has reached the brain 
parenchyma, which includes neurons, glia, and extracellular matrix. For 
example, although the apparent influx rate was comparable for the peptides 
epidermal growth factor (EGF) and transforming growth factor a (TGF-a), 
EGF enters the parenchyma of the brain whereas TGF-a is mainly associated 
with the cerebral vasculature without crossing the BBB [33, 34]. 

The capillary depletion method [35] takes advantage of the different den- 
sity of microvessels and brain parenchyma. It involves dextran density cen- 
trifugation which results in the cerebral microvessel endothelial cells form- 
ing a pellet while the parenchyma remains in the supernatant. Effective sep- 
aration of the vessels can be verified by high concentrations of y-glutamyl 
transpeptidase and alkaline phospatase in the pellet and minimal concen- 
trations in the supernatant [35, 36]. A further correction is applied by sub- 
traction of the vascular space as determined from the volume of distribution 
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of the ^^™Tc-albumin co-injected with the peptide. A washout procedure 
involving intracardioventricular perfusion removes the loosely adherent 
material in the lumen of the vasculature but not that endocytosed or tightly 
bound to the wall of the capillary endothelial cells. Furthermore, acid wash 
can help to differentiate peptide that is bound to the transporter or other 
binding sites and that which has been internalized within the endothelial 
cells. Thus, the amount of injected radiolabeled peptide found in several com- 
partments can be determined and this must be done to establish that the 
injected peptide has reached brain parenchyma. 



3.3 Estimation of influx rate and volume of distribution by 
multiple-time regression analysis 

Multiple-time regression analysis [21, 22, 37] is a sensitive and reliable mea- 
surement of the influx rate and volume of distribution of a peptide that is 
relatively stable in blood and has slow penetration across the BBB. The pep- 
tide, usually radioactively labeled, is delivered iv or intra-arterially as a bolus. 
At various times after the initial injection, blood and brain are sampled after 
decapitation of the anesthetized animal, and the amount of peptide in each 
compartment is estimated by measurement of the radioactivity in both blood 
(cpm/jil of serum) and brain (cpm/g of tissue). The brain/blood ratio of 
radioactivity at that particular study time is then calculated. 

For most small peptides, the study time is about 10 min; during this inter- 
val the peptide remains intact after iv injection, as determined by HPLC. Sam- 
pling at each minute, for example, provides sufficient data for regression cor- 
relation analysis between the brain/blood ratio of radioactivity and the time 
of iv circulation of the peptide. Since each peptide has a different disappear- 
ance curve in blood, and its half-life is also affected by the addition of mod- 
ulators of its potential transport depending on the study design, a standard- 
ized "exposure time" is used instead of real time. 

Exposure time is the theoretical steady-state value at that particular study 
time if the blood concentration of the peptide remained constant. Exposure 
time at time t is calculated as the integral of serum radioactivity over time 
divided by the radioactivity at time t. The regression correlation between the 
brain/blood ratio of peptide radioactivity and exposure time is linear. The 
slope of this regression line represents the rate of influx (Kj) of the peptide 
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from blood to brain, and the y-intercept at time 0 is the initial volume of dis- 
tribution in the brain. 

The sensitivity of the measurement of trace amounts of radioactivity of 
injected peptide in the brain is higher than with other methods such as 
microdialysis, immunohistochemistry or bioassay, and its quantification is 
much more direct. An additional advantage is that the radioactive tracer 
method differentiates the exogenous peptide being measured from any con- 
founding endogenous peptide, which can be difficult to determine by alter- 
native techniques. 

One of the major applications of multiple-time regression analysis is to 
establish whether the peptide enters the brain by a saturable transport sys- 
tem. This is indicated when co-administration of excess unlabeled peptide 
together with the labeled peptide results in a significant inhibition of the rate 
of influx. 

3.4 Determination of vascular diffusion 

As a control, it is necessary to determine whether non-specific entry occurs 
during the time used for measurement of the Kj by multiple-time regression 
analysis. It might seem that injection of the denatured form of the peptide 
being tested would provide the best control, but substantial changes in con- 
formation of the peptide can occur after denaturation [1 7]. It also might seem 
that other inert compounds with molecular weights similar to that of the pep- 
tide being studied would be suitable, but it is difficult to account for possible 
differences in physicochemical properties such as lipophilicity, hydrogen 
bonding and electrical charge. 

An additional problem occurs for a marker like inulin in that it is not com- 
mercially available in a form that can be measured in a gamma counter [17]; 
the required liquid scintillation (beta) counting is much more cumbersome. 
It might also seem desirable to inject the peptide labeled by a different 
radioactive tracer in the period soon after completion of the experiment fol- 
lowed by subtraction of the uptake of the second tracer, but this can under- 
estimate the entry rate of a peptide with relatively fast uptake [38]. 

The simplest control involves co-injection of a vascular marker such as 
albumin together with the peptide (^^^l-peptide + ^^™Tc-albumin) [37]. Albu- 
min does not enter the brain during the usual time period used for determi- 
nation of the influx rate of peptides. It has the added advantage of ensuring 
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that the BBB remains intact during the time in which the entry of the pep- 
tide is being measured. 

3.5 Passage of peptides across the ex vivo BBB: in situ brain 
perfusion 

Studies of peptides interacting with the BBB in intact animals are not always 
easy. For determinations in blood, one must take multiple factors into con- 
sideration including tissue distribution, hepatic metabolism, renal excre- 
tion, peptidases and nonspecific degradation in blood, protein binding and 
self-aggregation, endogenous production and stimulation of acute phase 
reactions. Therefore, delivery of radioactively labeled peptides at a constant 
rate in blood-free perfusion buffer [24] obviates most worries, especially enzy- 
matic degradation and protein binding in blood. 

Perfusion methods vary depending on the species of the animal used and 
have been described in detail elsewhere [24, 38]. Some limitations are that: 
(a) this method is less physiological than when the peptide reaches the brain 
as part of the normal circulation, (b) perfusion time is usually short despite 
oxygenation of perfusion buffer and use of er 5 dhrocytes as the oxygen car- 
rier, since the integrity of the BBB is eventually compromised after sustained 
ischemia and hypoxia and (c) perfusion rate, temperature, duration and 
components of the perfusion buffer affect the interpretation and compari- 
son of results from different experimenters. Nonetheless, in situ brain perfu- 
sion provides an easily modifiable milieu for study of the direct interactions 
of peptides with the BBB, and interpretation of the results is usually straight- 
forward, especially when a paracellular permeability marker such as albumin 
is used simultaneously. 

3.6 Peptide passage in the opposite direction: brain-to-blood 
efflux 

If a radioactively labeled peptide is transported out of the brain soon after it 
is injected, measurement of its counts in the brain will be misleadingly low, 
or even absent. Since albumin is removed from brain by the bulk flow of CSF, 
comparison of its rate of disappearance with that of the peptide being stud- 
ied will indicate whether a transport system exists for that peptide [39, 40]. 
Greater certainty can be achieved by determination of any inhibition of 
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efflux after intracerebroventricular co-injection of excess unlabeled peptide. 
There is a high degree of correlation for several compounds between their 
usually determined rate of disappearance from brain and their rate of appear- 
ance in blood [41]. 

The p-glycoprotein system transports many compounds out of the brain, 
effectively preventing accumulation of several toxic substances in the brain, 
but also serving as an obstacle to delivery of therapeutic agents in other 
instances [42-44]. Substrate specificity seems to be confusing for opiate pep- 
tides, in that endorphin [45] but not Met-enkephalin, Tyr-MIF-1, endomor- 
phin-1 or endomorphin-2 [46] are transported out of the brain by this system. 

3.7 In vitro models 

Although brain microvessel endothelial cells in culture are never exactly the 
same as those in the intact body in terms of permeability features, isolated 
cells make convenient models for study of the mechanisms of transport of 
peptides. Transport or uptake studies can be performed in cells grown on a 
solid support phase, yet most models use transwell diffusion systems. The 
acceptor and donor chambers can be assembled side-by-side or up and down. 
The latter vertical system has gained more popularity in recent years because 
of its ease of assembly and development of co-culture with astroglia which 
reinforce barrier function. A more complicated model involving growth of 
the endothelial cells in a complex tubular system has not been used widely 
and probably is not efficient for pharmacokinetic studies. 

A successful in vitro BBB system should demonstrate relatively high trans- 
membrane electrical resistance and low permeability to paracellular markers. 
Whether it is a purified primary brain microvessel endothelial cell culture or 
an immortalized endothelial cell line, it must show barrier-specific features 
such as expression of von Willebrand factor, abundance of alkaline phos- 
phatase and 7 -glutamyl transpeptidase and establishment of tight junctions. 
Once these requirements are met and appropriate controls are established, 
apical-to-basolateral flux (reflecting blood to brain penetration) and basolat- 
eral-to-apical flux (brain to blood) can be quantified. 

The transwell system is convenient for determination of the intracellular 
degradation of peptides. After passage across the monolayer of endothelial 
cells, the radioactively labeled peptide is analyzed by HPLC, gel elec- 
trophoresis or acid precipitation. For instance, the radioactivity recovered 
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from the basolateral side of the transwell 30 min after application of ^^^I-EGF 
to the apical chamber containing TM-BBB4 endothelial cells represents only 
free iodine (Pan et al., unpublished observation). 

Peptides could be internalized in the endothelial cells by fluid-phase 
endocytosis, by adsorptive-mediated endocytosis, or by receptor-mediated 
endocytosis. The last two are saturable processes. The binding receptor may 
not necessarily be the transporter. One example is basic fibroblast growth fac- 
tor (bFGF), which uses adsorptive-mediated endocytosis [47] as does the HIV- 
1 protein gpl20 [48, 49]. Similarly, although the opiate peptides Tyr-MlF-1 
and Met-enkephalin share a transport system, the transporter is not either of 
their receptors [50]. 

The next tricky question is when and how does endocytosis lead to trans- 
port? Endocytosis is not equivalent to transcytosis, as most internalized lig- 
ands, regardless of mediation by clathrin-coated pits, caveolae, or other 
mechanisms, are usually directed to degradation pathways in the cellular 
vesicles. For leptin, this is illustrated by experiments involving binding and 
immunofluorescent microscopy in which internalization and subcellular 
localization of receptor isoforms occur without any evidence for special intra- 
cellular trafficking indicative of transcytotic transport [51, 52]. 

Methods to study endocytosis and intracellular trafficking in the brain 
microvessel endothelial cells are not novel since research on epithelial cell 
transport and immune cell antigen processing has been far more advanced 
than in the BBB area. Improved imaging techniques with electron and fluo- 
rescence micrographs in recent years have made intracellular localization and 
tracing easier for peptides. Site-directed mutagenesis and the yeast two- 
hybrid system also are powerful tools. 

4 Mechanisms of peptide-BBB interactions 

4.1 Saturable transport 

The existence of saturable transport systems for peptides well illustrates the 
dynamic nature of the BBB. The BBB can limit the amount of peptide enter- 
ing the brain if its concentrations in blood are high. This can be shown exper- 
imentaily by co-injection of an excess of the unlabeled peptide. Inhibition 
of entry would not be seen if the peptide entered the brain from the blood 
through a leaky BBB or by simple passive diffusion. 
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The mechanisms responsible for saturable transport have not been well 
delineated. Although it appears that receptor mediated endocytosis is involv- 
ed to some extent in the influx of insulin [53], TNF-a [54], and leptin [55], 
there is little evidence that this occurs with most other peptides. For the few 
peptides examined, this mechanism does not seem to be involved in the trans- 
port of EGF in the apical-to-basolateral direction [34] or, as mentioned above, 
the saturable transport system shared by T5n-M1F-1 and Met-enkephalin [50]. 

4.2 Passive diffusion 

Many peptides cross from blood to brain by passive diffusion based on 
physicochemical properties like lipophilicity and hydrogen bonding. Size 
also may be a limiting factor, and the rate of diffusion is inversely related to 
the square root of the molecular weight [56, 57]. As discussed above, co-injec- 
tion of a vascular marker like albumin ensures that this cannot be explained 
by leakage between cells but occurs by passage through the cell. 

4.3 Capture by the cerebral vasculature 

Determination of the extent to which a peripherally injected peptide reaches 
the brain usually involves measurement of radioactivity or immunoreactiv- 
ity in brain tissue. This can be misleading if the peptide remains trapped in 
the vasculature within the brain without reaching the parenchyma. 

Some of the trapped peptide is loosely adherent and can be easily removed 
by a washout procedure after perfusion, as found with adrenomedullin 
(ADM) [58] and glucagon-like peptide (GLP)-l [59]. Alternatively, some of the 
trapped peptide could be tightly bound to the lumen of the endothelial cells 
of the cerebral capillaries, as illustrated by TGF-a [33]. 

4.4 Protein binding and aggregation 

A peripherally injected peptide might not cross the BBB to enter the brain if 
it became bound to a large protein in blood or self-aggregated. Protein bind- 
ing is well known in blood, but aggregation of peptides is not, although it 
was described in 1984 [60]. 

During investigation of the crossing of the BBB, such phenomena are sus- 
pected when the peptide does not enter brain after iv administration but does 
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enter after perfusion in blood-free buffer. Using SDS-polyacrylamide gel elec- 
trophoresis and capillary zone electrophoresis (CZE), we were able to deter- 
mine that agouti-related protein (AgRP) (83-132) aggregates [61] whereas 
melanin-concentrating hormone (MCH) shows protein binding as well as 
self-aggregation [62], both interfering with ready penetration of the BBB. It 
is possible, however, that protein binding could serve as a degradation-free 
carrier in blood, conveying a peptide to the active surface of the BBB; this may 
happen with galanin-like peptide (GALP) [63]. 

5 Illustrative examples with peptides affecting 
food intake 

Most of the issues discussed up to this point in the review are well illustrated 
by peptides involved in food ingestion. The remainder of this review men- 
tions some unusual aspects of their interaction with the BBB, the peptides 
being presented in alphabetical order. 

- ADM: The most unusual aspect of the interaction of ADM with the BBB was 
detected by the capillary depletion procedure. Although intact ADM 
appeared to reach the brain after peripheral administration, much of it 
remained looseiy adherent in the lumen of the capillaries, easily washed 
out by perfusion [58]. This may suggest an action of ADM at the cerebral 
vascular level. 

- AgRP: AgRP is unusual in that it self-aggregates as a trimer [61]. This prob- 
ably explains its poor penetration of the BBB. 

- Amylin and pancreatic polypeptide: Even though both amylin and pancreatic 
polypeptide (PP) are synthesized in the pancreas, only PP has a saturable 
transport mechanism for entering the brain [64, 65]. 

- Cocaine and amphetamine-regulated transcript (CART): CART crosses the BBB 
at a rapid rate which might imply the existence of a saturable transport sys- 
tem. However, this is not the case; it crosses by passive diffusion not read- 
ily explained by lipophilicity [65a]. 

- Corticotropin-releasing hormone (CRH): CRH is somewhat unusual in that it 
has a saturable transport system out of the brain [66]. This efflux is energy 
dependent, but p-glycoprotein independent [67]. It is vigorous enough for 
the CRH to exert peripheral effects [68] . By contrast, the saturable influx 
system for CRH is relatively slow [69]. 
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Cyclo(His-Pro): This endogenous TRH-related dipeptide does not cross the 
BBB by a saturable mechanism. Nevertheless, peripheral injection of cyclo 
(His-Pro) is sufficient to reverse the narcosis induced by ethanol, probably 
related to its high lipophilicity and resistance to enzymatic degradation [3]. 
GALP: The blood concentrations of this galanin-related peptide are reduced 
by fasting [63]. Its entry into brain is also reduced by fasting. Not yet 
reported at the time of writing this review, these results suggest that unlike 
the stimulatory effect of galanin on food intake [70], GALP probably has a 
satiety effect. 

Insulin: Partial inhibition of the saturable blood-to-brain transport of 
insulin [53] occurs at concentrations of insulin that are found in the nor- 
mal circulation [71, 72]. When production of insulin is eliminated by pre- 
treatment with streptozotocin, brain entry of insulin increases [73]. 

Leptin: Among the endogenous substances affecting feeding, most atten- 
tion has been given to leptin. Leptin is mainly synthesized in fat cells [74] 
but is saturably transported across the BBB in order to exert its satiety effect 
[14]. Despite this transport system, increased levels of leptin in blood are 
not sufficient to inhibit food ingestion although injection of leptin into the 
brain can do so. This has led to the concept of "leptin resistance" which 
must involve the BBB [75-79]. Although the short form of the leptin recep- 
tor explains much of the transport of leptin, an additional mechanism of 
entry is involved [55, 80] . What is particularly unusual is that in obese ob/ob 
mice which never produce any leptin, brain transport of leptin is un- 
changed [81]. 

Mahogany (1377-1428): Mahogany(1377-1428) enters the brain by a sat- 
urable transport system [82]. There is no cross-inhibition with AgRP even 
though the homozygous mahogany locus blocks the obesity resulting from 
ectopic expression of the agouti locus in brain [83]. 

MCH and melanocyte-stimulating hormone (MSH): Neither MCH nor MSH 
cross the BBB by saturable transport mechanisms [62, 84, 85]. Unlike lep- 
tin which is produced peripherally and exerts its satiety effect centrally, 
MSH exerts part of its satiety effect peripherally by lipid mobilization [86]. 
Neuropeptide Y (NPY): The blood-to-brain penetration of the BBB by NPY is 
non-saturable and somewhat slow, but it is significantly faster than that of 
the albumin control [87]. Its lipophilicity, as determined by the octan- 
oLbuffer partition coefficient, is low. Although passive diffusion across the 
BBB by peptides like NPY is based on physicochemical properties, of which 
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lipophilicity is generally considered important [88], lipophilicity does not 
easily explain the brain entry of NPY. 

- Orexins: Both orexin A and orexin B enhance feeding behavior, but orexin 
B is so rapidly degraded in blood that it was not possible to quantify its rate 
of entry into brain. Orexin A is much more lipophilic than orexin B, and 
this helps its crossing of the BBB by diffusion [89]. 

- Urocortin (UCN): Under normal conditions, UCN 1 is unusual in that it does 
not cross the BBB any faster than the vascular control. It is even more 
unusual in that its latent saturable transport system is activated by co- 
administration of leptin and pretreatment with glucose [90, 91]. This may 
involve a novel binding of UCN 1 to leptin. UCN 11, by contrast, enters the 
brain by itself but does so by passive diffusion that is not affected by co- 
injection of leptin [69] . UCN 111 (stresscopin) is rapidly degraded at the BBB, 
with little reaching the brain in intact form [69]. 



6 Conclusion and future work 

Understanding the mechanisms of how peptides interact with the BBB is our 
major approach toward revealing how the brain communicates with the rest 
of the body. Peptides in the periphery may act on the brain microvessel 
endothelial cells by binding to cell surface receptors or by transcytosis with 
subsequent actions on brain parenchyma. Pharmacokinetic studies involv- 
ing radioactive tracers have proved that intact peptides cross the BBB. Quan- 
tification of passage shows that peptides may gain meaningful access to CNS 
tissue by simple diffusion or by saturable transport systems at the BBB. 

The impact of transport across the BBB lies in the recognition that the BBB 
is an immense interface between the CNS and the rest of the body. It shows 
regional differences in permeability and specific uptake of peptides and pro- 
teins [1, 64, 80, 92, 93]. Thus, one could imagine that the sites of action for 
a feeding-related peptide are significantly greater than what would have 
occurred through vagal nerve reflexes, a neuroendocrine axis, retrograde 
transport, or direct action at the CVOs. Further studies are ongoing by our 
group and others concerning the morphology of peptide transport, involve- 
ment of the structures surrounding the BBB (the extracellular matrix, neu- 
ronal and glial components, etc.), regulation in pathological conditions and 
detailed membrane events and intracellular trafficking that lead to transcy- 
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tosis. Eventually, we hope to be able to modulate and take advantage of the 
transport systems at the BBB to deliver peptides as therapeutic agents. 
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Glossary of abbreviations 

GDNF, glial cell line-derived neurotrophic factor; GPl, glycosyl-phosphatidylinositol; HVA, 
homovanillic acid; MPTP, l-methyl-4-phenyl-l;2,3,6-tetrahydropiridine; MRl, magnetic reson- 
sance imaging; O.D., outer diameter; PD, Parkinson's disease; TGF, transforming growth factor. 



1 Introduction 

Parkinson's disease (PD) is characterized by a progressive degeneration of the 
substantia nigra pars compacta dopamine neurons that innervate the stria- 
tum [1]. The loss of striatal dopamine and the consequent dysfunction of 
the nigrostriatal pathway lead to the cardinal symptoms of PD: resting 
tremor, cogwheel rigidity, bradykinesia (or difficulty to initiate movement) 
and loss of postural reflex. Current pharmacological treatment strategies for 
PD aim at replacing striatal dopamine using the dopamine precursor lev- 
odopa or dopamine receptor agonists, or both. Such treatments provide 
symptomatic relief, but do not slow or halt continued degeneration of nigral 
dopaminergic neurons. Therefore, interventions that could potentially slow 
or reverse the progression of neuronal degeneration would benefit PD 
patients. One such approach involves trophic factor administration. Trophic 
factors are proteins with enormous therapeutic potential in the treatment 
of neurodegenerative diseases. However, delivery of these proteins to the 
brain remains a challenge. Theoretically, a variety of different routes of 
administration could be used to deliver neurotrophic factors to the diseased 
brain, including intracranial (e.g. intraparenchymal), intranasal, intrathecal 
and parenteral (e.g. intravenous, subcutaneous or intramuscular) adminis- 
tration. Parenteral administration requires the drug to enter the brain from 
the systemic circulation by crossing the blood-brain barrier. Because trophic 
factors have poor blood-brain barrier permeability, access to sites of action 
within the brain is minimal via parenteral administration (i.e. < 1% of the 
injected dose) [2]. Along these lines, the use of intrathecal administration as 
a treatment for neurodegenerative diseases of the brain is not optimal, as 
therapeutic concentrations of the drug delivered at the cisternal or lumbar 
spinal cord level is rarely reached in other cerebrospinal fluid spaces [2]. 
Intranasal administration offers a method for bypassing the blood-brain bar- 
rier and contributes to better central nervous system penetration of neu- 
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rotrophic factors [2], However, the nasal route does not allow for focal deliv- 
ery of these potent molecules and high doses of trophic factors may be nec- 
essary to elicit therapeutic effects. On the other hand, direct intraparenchy- 
mal administration of trophic factors into the brain (e.g. nigrostriatal path- 
way) offers a high degree of targeting, while reducing the risks of unwanted 
side-effects by limiting systemic exposure. Different methods allowing for 
direct intraparenchymal delivery have been studied in animals models, such 
as implantation of encapsulated cells genetically engineered to produce and 
release trophic factors locally [3]. Additional methods are currently being 
investigated in non-human primates, including viral vector-mediated deliv- 
ery and the use of computer-controlled infusion pumps. In this chapter, we 
will review promising data recently obtained in non-human primates mod- 
eling PD that could help lay the foundation for prolonged, intraparenchy- 
mal delivery of trophic factors or other large molecules into the human 
brain. 

2 Neurotrophic factors in neurodegenerative diseases 

Neurotrophic factors are naturally occurring proteins required for neuronal 
differentiation, guidance and survival during development, as well as for the 
maintenance of the adult nervous system. Classically, a neurotrophic factor 
is produced and secreted by target cells, be they nerve cells or other cells, 
and then taken up by the innervating nerve terminals to exert both local 
effects and, via retrograde axonal transport, trophic effects in the nerve cell 
bodies [4]. Considerable effort has been devoted to the search for neu- 
rotrophic factors with survival-promoting activities on midbrain dopamin- 
ergic neurons that could potentially be of therapeutic value in the treatment 
of PD. 

There are currently more than 20 trophic factors that have been identi- 
fied, showing potential for use in a variety of neurodegenerative diseases 
including PD [2, 5]. Although there is little evidence that deficiencies of 
trophic factors are associated with the etiology of PD [6], several factors have 
been shown to produce significant beneficial effects on dopamine neurons 
in culture and in animal models [5]. Those producing effects on dopamine 
neurons in vitro include, but are not limited to, fibroblast growth factor, epi- 
dermal growth factor, transforming growth factor-a (TGF-a), ciliary neu- 
rotrophic factor, platelet-derived growth factor, brain-derived neurotrophic 
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factor, and glial cell line-derived neurotrophic factor (GDNF) [2, 5]. However, 
of all the factors investigated to date, GDNF is the only trophic factor, which 
has been shown to dramatically protect and enhance the function of 
dopamine neurons in animal models [7, 8]. 

3 GDNF properties 

GDNF was isolated and purified from the conditioned medium of cultured 
rat glial cells from the B49 cell line [9], GDNF is a heparin binding protein 
and acts as a disulfide-bonded dimer. Each portion of the mature protein con- 
sists of 134 amino acid residues, with 93% identity between the human and 
rat sequences. The naturally occurring dimer has a molecular weight of 
~30 kDa [10]. The subsequent purification and cloning of new trophic fac- 
tors related to GDNF, termed neurturin [11], persephin [12] and artemin [13], 
has established the existence of a new family of neurotrophic factors struc- 
turally similar to the transforming growth factor-p (TGF-|3) superfamily. 

GDNF is widely expressed throughout the body in many neuronal (e.g. 
striatum, cerebellum, cortex) and non-neuronal tissues (e.g. kidney, gut) 
[14-18]. GDNF uses a multisubunit receptor system consisting of a glycosyl- 
phosphatidylinositol (GPl)-anchored membrane protein, termed GFRa-1, 
("a" subunit), that can bind GDNF and facilitate its interaction with the tyro- 
sine kinase Ret receptor ("P" subunit) [19, 20]. Three other GPl-anchored 
membrane proteins are now known, namely GFRa-2, GFRa-3 and GFRa-4 
[21-23]. Mechanistically, little is known at the present time about the intra- 
cellular phosphorylation signaling mechanisms that occur in vivo following 
activation of Ret via GDNF or the related factors neurturin, persephin and 
artemin. Understanding the mechanism of action of GDNF is of great impor- 
tance for its future use in treating neurodegenerative diseases of the brain 
such as PD. 

4 GDNF effects in non-human primate models of 
Parkinson's disease 

Data collected in cell culture [9, 10, 24] and in rodent models of PD [25-29] 
have shown that GDNF can be both neuroprotective and neurorestorative for 
the dopaminergic system, providing strong support for a role of GDNF in 
treating PD. Although crucial and informative, studies involving GDNF treat- 
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merit in rodent models are limited in their relevance to the human. Rodents 
have a much smaller nervous system, which differs significantly in numer- 
ous neuroanatomical and neurochemical parameters from the human. In 
contrast, nonhuman primates possess a central nervous system and behav- 
ioral repertoire much closer to the human than the rodent. 

4.1 Single or repeated intracerebral injections 

Our group has carried out an extensive series of experiments to study the 
restorative effects of GDNF in nonhuman primates expressing hemiparkin- 
sonian features as a result of infusions of 0.4 mg/kg l-methyl-4-phenyl- 
1,2,3,6-tetrahydropiridine (MPTP) into the right carotid artery [30]. All the 
procedures performed on nonhuman primates in our laboratory are in strict 
accordance with the NIH Guide for the Care and Use of Laboratory Animals and 
are approved by institutional animal care and use committees. The surgeries 
are conducted under sterile field conditions in a sterile surgical suite accred- 
ited by the Association for Assessment and Accreditation of Laboratory Ani- 
mal Care International (AAALACI). 

Because GDNF does not cross the blood-brain barrier, a challenge to its 
clinical use is the difficuity associated with its delivery to the central nervous 
system. In our initial studies, sterile magnetic resonance imaging (MRI)- 
guided stereotaxic procedures were used to surgically deliver a single injec- 
tion of GDNF directly into the right hemisphere of MPTP-lesioned hemi- 
parkinsonian rhesus monkeys (Macaca mulatto) by one of three routes: intran- 
igral (150 pg), intracaudate (450 pg) and intracerebroventricular (450 pg) [31]. 
Treatment was not started until two months post MPTP administration. 
GDNF recipients showed significant functional improvements from all three 
routes of administration by two weeks post-treatment, which continued for 
the remainder of the 4-week test period. In these experiments, improvements 
were found in three of the cardinai features of PD: bradykinesia, rigidity and 
postural instability. Further testing was carried out on the ventricular-treated 
animals to assess the ability of the animals to respond to three repeated dos- 
ings (100 or 450 pg), four weeks apart. GDNF administered every four weeks 
maintained functionai recovery. Post-mortem analyses showed that 
dopamine levels in the midbrain and globus pallidus were twice as high on 
the lesioned side of GDNF-treated animals, and that nigral dopamine neu- 
rons were 20% larger on average, with an increase in fiber density compared 
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to vehicle controls [31]. Follow up experiments have provided additional 
details about the antiparkinsonian actions of GONE Dose-dependent 
improvements in motor functions were seen in MPTP-lesioned hemiparkin- 
sonian rhesus monkeys receiving monthly ventricular injections of 100-1000 
Hg GDNR With monthly intraventricular injections, the optimal dose to pro- 
duce a significant improvement in behavioral parameters was determined to 
be 300 ^g [32]. 

Another group has studied the effects of GDNF administered intracere- 
brally in MPTP-treated common marmosets [33]. In their study, marmosets 
received parenteral administration of MPTP, which produced bilateral 
degeneration of the nigrostriatal pathway. Intraventricular injections of 
GDNF (10, 100 or 500 jrg) were administered 9 and 13 weeks post MPTP treat- 
ment. This produced a dose-related improvement in locomotor activity and 
motor disabilities, which was significant following the 100 and 500 ^g doses 
of GDNF. 

Altogether, our studies [31, 32], as well as those of Costa and colleagues 
[33], have shown that efficacious GDNF dose levels using ventricular injec- 
tion, spaced one month apart, ranged from 100 to 1000 ^g per month. How- 
ever, monthly ventricular injections of high dose GDNF increase the risk of 
inducing unwanted side effects, such as weight loss, which may limit the clin- 
ical applications of this approach [31, 32]. On the other hand, sustained 
delivery of low doses of GDNF into specific brain sites may produce the same 
or enhanced functional improvements as monthly ventricular injections 
with fewer side effects, by limiting systemic exposure. Moreover, due to the 
progressive nature of PD, sustained delivery of trophic factors may be neces- 
sary for optimal, long-term neuronal effects. Consequently, novel methods 
for sustained delivery of GDNF into the nigrostriatal pathway are currently 
being studied in non-human primates, including viral vector-mediated deliv- 
ery and the use of computer-controlled infusion pumps. 

4.2 Chronic, viral vector-mediated delivery 

Kordower and colleagues [34] have recently carried out a series of studies to 
determine the effects of chronic GDNF administered by a lentiviral delivery 
approach (lenti-GDNF). In the first experiment, they investigated the effects 
of lenti-GDNF in four aged monkeys modeling some of the behavioral and 
cellular changes seen in the early stages of PD. In order to maximize the 



108 




Intracranial delivery of proteins and peptides as a therapy for neurodegenerative diseases 



chance for an effect, each aged monkey (~25 years old) received a total of 6 
simultaneous stereotaxic injections of lenti-GDNF into the right nigrostriatal 
dopaminergic system; i.e. caudate nucleus (n = 2 injections), putamen (n = 3 
injections) and substantia nigra (n = 1 injection). This approach resulted in 
increased tissue levels of dopamine up to 140% in the right striatum, relative 
to control animals (i.e. lenti-pGal-treated). Also, stereological counts revealed 
an 85% increase in the number of tyrosine hydroxylase-immunoreactive 
nigral neurons in the right hemisphere. 

In the second experiment, lenti-GDNF was also injected simultaneously 
into the right caudate nucleus, putamen and substantia nigra of five young 
adult rhesus monkeys, one week post MPTP administration into the right 
carotid artery. Chronic GDNF treatment reversed motor deficits seen in a 
hand reach task. In addition, nigrostriatal degeneration was prevented in the 
lenti-GDNF treated monkeys that received MPTP. Extensive GDNF expression 
with retrograde and anterograde transport was observed in the animals, with 
GDNF gene expression lasting for 8 months. 

Overall, these experiments demonstrate that lentiviral vector-mediated 
delivery of GDNF can potently reverse structural and functional effects of 
dopamine deficiency in non-human primate models of aging and PD. How- 
ever, two animals died within a week following lentiviral vector delivery. 
Although the authors attributed these deaths to MPTP toxicity rather than 
viral vector administration, caution is warranted regarding the safety of this 
approach in treating neurodegenerative diseases such as PD [35]. Also, there 
are important issues related to the development of reliable control mecha- 
nisms that would allow external regulation of the GDNF transgene expres- 
sion after viral vector delivery into the brain, so that GDNF production could 
be reduced or completely turned-off to prevent or reverse adverse effects 
should they occur. Along these lines, inducible lentiviral vector systems con- 
taining the entire tetracycline-regulated system have been tested in vitro and 
in vivo in rats [36]. 

4,3 Chronic, computer-controlled delivery using programmable 
pumps 

In many published animal studies, it is difficult to distinguish between the 
results from protection (injury prevention) and restoration (recovery after an 
injury) because GDNF treatment is initiated in the hours to days following a 
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lesion, while the injury sequelae are still unfolding. Another issue is the titer 
of biologically available GDNF necessary to produce beneficial effects. For 
instance, while significant beneficial effects can be quantified on host 
dopamine neurons and neuronai processes after viral vector GDNF transfec- 
tion [34], the leveis of biologically available GDNF producing these effects are 
unciear. Additionally, techniques for controlling dosing and timing of viral 
vector-mediated deiivery are in the developmental stage [37, 38]. 

Therefore, to determine the titer of biologically available GDNF necessary 
to produce beneficial effects, a second series of experiments was undertaken 
in our laboratory to study the safety and efficacy of chronicaily infusing 
computer-controlled doses of GDNF into the primate brain using 
implantable, programmable pumps (SynchroMed™ Model 8616-10, 
Medtronic Inc., Minneapolis MN). The pump can dispense drugs in a vari- 
ety of ways (e.g. continuous or timed infusion) according to instructions 
received by radio-frequency from the SynchroMed™ Model 8820 computer. 
The pump is a round titanium disk, about one inch thick and three inches 
in diameter. The modei 8616-10 pump contains a coliapsibie 10-ml reservoir 
and a self-seaiing silicone septum through which a needle is inserted to refill 
the pump reservoir. It aiso contains a bacterial retentive filter (0.22 micron) 
through which the drug passes as it leaves the reservoir. The implantable 
pump is connected to a catheter made of polyurethane, stereotactically 
implanted into the brain [39]. A removable stylet inserted in the catheter 
iumen provides additionai stiffness and control during piacement. We have 
used four different types of catheters (1 mm outer diameter (O.D.)) for each 
of the three targets studied in our experiments: the lateral ventricle, the puta- 
men and the substantia nigra. The ventricular catheter has a hole in the tip 
with two adjacent side holes for drug delivery (model 8770AS). Three dif- 
ferent catheters have been used for intraparenchymal delivery. To chroni- 
cally deliver GDNF into the putamen, we have used a porous tip catheter 
(model 87701P3) or a multiport catheter with a radiodense-closed tip (model 
87701P24A). The multiport catheter is composed of six laser holes that are 
placed radially over each 90 degrees of the catheter's circumference over a 
longitudinal distance of 3 mm, for a total of 24 laser holes (0.0015" or 37.5 
(Am in diameter). The most proximal set of radial holes are positioned 0.5 
mm from the radiodense catheter tip. For placement into the substantia 
nigra, we have used catheters having a single opening (0.010" or 250 (tm in 
diameter) at the distal tip (model 87701P1A). 
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4.3.1 MPTP rhesus monkey model of advanced Parkinson's disease 

To assess the restorative actions of GDNF under conditions where neuropro- 
tection would have only a minor role, the late stages of human PD can be 
modeled using rhesus monkeys displaying stable parkinsonian features for at 
least two months post MPTP administration [40-42]. In humans and non- 
human primates, MPTP induces behavioral features with numerous similar- 
ities to those found in idiopathic PD. For instance, MPTP-treated non-human 
primates display the cardinal symptomology of PD: bradykinesia, rigidity, 
balance and gait abnormalities [40, 41]. Additionally, histological and neu- 
rochemical alterations in the brain induced by MPTP administration also 
resemble those found in PD. Indeed, MPTP infusion through the right carotid 
artery results in an approximate 75% loss of dopamine neurons expressing 
the phenotypic marker tyrosine hydroxylase in the right substantia nigra and 
a greater than 99% depletion of dopamine in the right putamen [31]. These 
reductions are comparable with advanced human PD where cell counts typ- 
ically show a 60-70% loss of nigral dopamine neurons [43] and 99% 
dopamine depletion in the putamen [44]. 

43.1.1 Intraventricular or intraputamenal delivery 

Typically, the catheter is surgically positioned into the brain after a minimum 
of two months following the MPTP administration, when the parkinsonian 
features expressed by the animals have stabilized. The catheter is then seated 
in the groove of an L-shaped nylon device anchored against the skull using 
two nylon screws, and tunneled to the pump that is subcutaneously 
implanted in the lateral abdominal region [39]. 

Using this approach, we demonstrated that chronic infusions of nomi- 
nally 7.5 or 22.5 (xg/day GDNF into the lateral ventricle or the putamen, using 
programmable pumps, promotes restoration of the nigrostriatal dopaminer- 
gic system and significantly improves motor functions in rhesus monkeys 
with neural deficits modeling the terminal stages of PD [45]. The functional 
improvements were associated with a pronounced up-regulation and regen- 
eration of nigral dopamine neurons and their processes innervating the stria- 
tum. When compared to vehicle recipients, these functional improvements 
were associated with: 1) > 30% bilateral increase in nigral dopamine neuron 
cell size, 2) > 20% bilateral increase in the number of nigral cells expressing 
the dopamine marker tyrosine hydroxylase, 3) > 70% and > 50% bilateral 
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increase, respectively, in dopamine metabolite levels in the striatum and the 
pallidum, 4) 233% and 155% increase in dopamine levels in the periventric- 
ular striatal region and in the globus pallidus, respectively, on the lesioned 
side, and 5) a five-fold increase in tyrosine hydroxylase positive fiber density 
in the periventricular striatal region, on the lesioned side [45]. All of these 
effects from chronic administration of GDNF are greater than those previ- 
ously seen from single injections of GDNF in MPTP-lesioned rhesus monkeys 
[31]. 

4. 3. 1.2 Intranigral delivery 

In previous studies, GDNF has been administered to various sites, including 
simultaneous delivery to the striatum and substantia nigra of aged and MPTP- 
lesioned monkeys [34]. However, prolonged trophic factor administration 
into just the substantia nigra has not been evaluated and the effects are not 
known. Therefore, we have recently evaluated intranigral delivery of GDNF 
by measuring and analyzing the effects of GDNF on motoric behavior and 
tissue levels of dopamine and related metabolites in MPTP-lesioned hemi- 
parkinsonian monkeys [46]. In this study, stereotaxic procedures guided by 
MRI were used to implant a single-port catheter into the right substantia nigra 
of 10 rhesus monkeys, two months following the induction of parkinsonian 
features via MPTP administration. Using a SynchroMed™ programmable 
pump, five animals received chronic infusions of GDNF (7.5 jrg/ day for 4 
weeks and 22.5 (ig/day for 8 weeks), in parallel with five control animals 
receiving vehicle. 

This study showed that chronic intranigral delivery of 7.5 or 22.5 (rg/day 
of exogenous GDNF, via programmable pumps, significantly improved 
motor functions in MPTP-lesioned rhesus monkeys [46]. As measured using 
the automated video tracking system, EthoVision® (Noldus, Asheville, NC), 
GDNF increased motor speed and home-cage activity levels (i.e. total dis- 
tance traveled) up to 45% and 40% respectively, at the highest dose tested. 
Tissue punches taken from 4-mm-thick coronal sections through the basal 
ganglia after 12 weeks of GDNF administration showed that the motor 
improvements were associated with unilateral increases in dopamine lev- 
els up to 222% in the striatum on the lesioned right side, and with a bilat- 
eral increase in the globus pallidus externa up to 199%. The motor recov- 
ery was also associated with an increase in the dopamine metabolite, 
homovanillic acid (HVA), up to 132% in the striatum on the lesioned right 
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side, and with a bilateral increase in the globus pallidus externa up to 171% 
[46], 

Taken together, these data provide support that the chronic, intra- 
parenchymal delivery of GDNF promotes restoration of the nigrostriatal 
dopaminergic system and significantly improves motor functions in MPTP- 
treated rhesus monkeys modeling the advanced stages of PD. Clearly, the pro- 
longed and controlled delivery of GDNF into the brain, using programmable 
pumps, could be used to intervene in long-term neurodegenerative disease 
processes like PD. 

4.3.2 Aged rhesus monkey model of early Parkinson's disease 

The progressive slowing of motor functions and the development of parkin- 
sonian signs are common features seen with advancing age in humans [47, 
48] and in monkeys [49, 50]. Changes in the functional dynamics of 
dopamine release and regulation in the basal ganglia have been posited to 
contribute to age-related slowing of motor functions [51]. If so, interventions 
that up-regulate dopamine release in the basal ganglia should improve the 
motor deficits characterizing normal aging. It has been hypothesized that 
GDNF mediates its effects, at least in part, by regulating the neuronal 
excitability of midbrain dopaminergic neurons [52]. This GDNF-induced 
potentiation of neuronal excitability would result in an increase in dopamine 
release, leading to an enhancement in motor functions [52]. Little is known 
about the effects of GDNF on motoric behavior and dopaminergic functions 
in aged monkeys. Thus, a third series of experiments was designed to deter- 
mine whether chronic intracerebral infusion of exogenous GDNF using pro- 
grammable pumps can improve motoric deficits in aged monkeys, and if so, 
whether this improvement is associated with an increase in nigrostriatal 
dopamine functions. The aged rhesus monkeys used in these studies ranged 
in age from 20 to 27 years old, roughly equivalent to 60 to 80 years old in 
human age [53]. 

4.3.2. 1 Intraventricular delivery 

Using the programmable pump infusion approach, we reported that chronic 
infusions of 7.5 ^ig GDNF/day for two months into the right lateral ventricle 
of aged rhesus monkeys initially increased upper limb movement speed up 
to 40%, on an automated hand-reach task [54]. These effects were maintained 
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for at least two months after replacing GDNF with vehicle, and further 
increased up to 50% following reinstatement of GDNF treatment for one 
month. In addition, upper limb motor performance times of the aged GDNF- 
treated animals (n = 5) recorded at the end of the study were similar to those 
of five young adult monkeys (8-12 years old). No changes were observed in 
the aged vehicle controls (n = 5). As measured by in vivo microdialysis, stim- 
ulus-evoked release of dopamine was significantly increased up to 130% in 
the right caudate nucleus and putamen, and up to 116% in both the right 
and left substantia nigra of the aged GDNF recipients compared to aged vehi- 
cle controls. Also, basal extracellular levels of dopamine were bilaterally 
increased up to 163% in the substantia nigra of the aged GDNF-treated ani- 
mals [54]. 

The amplitude of amphetamine-induced release of dopamine observed in 
the putamen and in the substantia nigra of the GDNF-treated aged monkeys 
was similar to that of young adult rhesus monkeys [51]. The observation that 
GDNF can significantly improve motor functions and augment the func- 
tional capacity of dopamine neurons in aged rhesus monkeys to a level sim- 
ilar to that of young adults is of importance, considering that a major hall- 
mark of aging in human is slowing of motor movements [47, 48]. Our GDNF 
washout data also suggest that continuous stimulation of GDNF receptors 
may not be required for GDNF to effectively improve motor functions. This 
observation could have a significant impact on future use of GDNF as a treat- 
ment for neurodegenerative diseases, such as PD. Consequently, additional 
studies are needed to determine whether improved motoric behavior fol- 
lowing chronic GDNF infusion can be sustained for more than two months 
in the absence of GDNF, and whether the response would be different in aged 
versus MPTP-lesioned rhesus monkeys modeling PD. 

43.2.2 Intraputamenal delivery 

The effects of chronic intraputamenal infusion of GDNF were also studied in 
aged rhesus monkeys [55]. In this study, four animals received chronic infu- 
sions of GDNF and four received vehicle infusions into the right putamen via 
programmable pumps for eight weeks. Weekly videotaping was performed to 
record general motor performance and a food retrieval task was used to quan- 
tify fine and coarse upper limb motor performance. The GDNF-treated ani- 
mals showed significant improvements in their overall motor performance 
in the last three weeks of the study compared to controls. Also, fine motor 
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time of the upper limbs improved significantly in the GDNF-treated animals. 
After eight weeks of drug administration, the animals were euthanized and 
tissue punches were taken from the basal ganglia for measures of dopamine 
and dopamine metabolite levels. In the right putamen, GDNF infusion pro- 
duced a 217% increase in HVA levels. In addition, dopamine levels increased 
by 50% in the right caudate nucleus and there were 122% and 76% increases 
in 3,4-dihydroxyphenylacetic acid levels in the right and left caudate 
nucleus, respectively. HVA levels were also increased by 212% in the right cau- 
date nucleus. Finally, changes were seen in the right globus pallidus, with 
390% and 171% increases in dopamine and HVA levels, respectively [55]. 

Taken together, our studies conducted in aged rhesus monkeys suggest 
that the effects of GDNF on dopaminergic functions in the basal ganglia may 
be responsible for the improvements in motor functions, and support the 
hj^othesis that functional changes in dopamine release may contribute to 
motoric dysfunctions characterizing senescence. Aging nonhuman primates 
may represent an early stage model of PD, supporting that early intervention 
by trophic factor administration in PD patients may result in enhanced 
repair of dopamine neurons. 

5 GDNF effects in human parkinsonian subjects 

5.1 Ventricular delivery 

Based on the promising studies of the effects of GDNF in animal models of 
PD, an initial clinical trial testing GDNF by ventricular delivery using an 
indwelling reservoir was carried out in 50 parkinsonian patients for 8 months 
[56] . While the doses of GDNF (25-4000 ^g/month) were in excess of those 
employed for nonhuman primate studies, little therapeutic efficacy was 
observed in these parkinsonian patients. In fact, one 65-year-old patient with 
a 23-year history of PD who came to autopsy showed no significant effects 
of GDNF on dopamine neurons [57]. The problem may have been with the 
site and method of delivery; i.e. monthly injections of the trophic factor into 
the lateral ventricle. Sufficient titers of GDNF may not have diffused through 
the ventricular wall and brain parenchyma to the targeted dopamine neurons 
in the substantia nigra and their afferent projections to the putamen. As seen 
in Figure 1, this hypothesis has been born out from recent studies in our lab- 
oratory, which have demonstrated the limited penetration of GDNF through 



115 




Richard Grondin et al. 



A) GDNF: Intraventricular 





Figure 1 . 

As revealed in immunocytochemically stained sections, the spread of GDNF from the intraventricu- 
lar (LV) catheter was limited in most cases to the right (R) paraventricular region of the caudate nucleus 
(Cd) and nucleus accumbens (Acb) ipsilateral to the catheter, diffusing into the parenchyma for dis- 
tances up to 1 .5-2 mm. Some bilateral diffusion was evident into the septum (panel A). In contrast, 
the spread of GDNF from the multiport intraputamenal catheters was more extensive, in roughly an 
elliptical pattern. The greatest radius of diffusion from the catheter ranged up to 1 1 mm in the ros- 
tral putamen (Pu) and caudate nucleus (panel B). Large regions of the rostral half of the putamen, 
internal capsule (ic) and caudate nucleus were filled with GDNF, with infused trophic factor extend- 
ing as far caudally as the anterior globus pallidus (data not shown). Fiber tracts did not inhibit GDNF 
diffusion, as evident in GDNF staining in the internal capsule, corpus callosum and cortical white mat- 
ter (panel B). No GDNF positive staining was evident in the vehicle recipients (data not shown). The 
scale bars indicate 2 mm in distance. 
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the ventricular wall as compared to the adequate diffusion of GDNF observed 
with intraparenchymal infusion into the striatum of nonhuman primates 
[58]. 

5.2 Chronic, computer-controlled delivery using programmable 
pumps 

The excellent control achieved by pumps and infusion catheters have made 
this approach the best for initial trials in humans [59]. In a recent study con- 
ducted in England [60], five advanced PD patients with a previous history of 
good responses to levodopa underwent unilateral or bilateral insertion of 
drug infusion cannulae into the dorsal putamen (Fig. 2). Human recombi- 
nant GDNF was chronically infused via indwelling SynchroMed™ pumps 
implanted in the abdominal region (Fig. 2). Patients were assessed pre- and 
post-operatively according to the core assessment program for intracerebral 
transplantations (CAPIT), in order to document changes in disease severity 
and medication requirements [61]. The patients also underwent 18F-dopa 
positron emission tomography scans at baseline, 6- and 12-months after 
GDNF infusion to assess putamen dopamine terminal function and correlate 
this with any symptomatic benefits. 

Chronic GDNF infusion resulted in improved motor function in all 
patients, reduction in "off" -time duration and severity, reduction in dyski- 
nesias duration and severity, and a corresponding increase in good "on"- 
time duration. In four out of five patients reviewed at 12-months of drug 
administration, motor (Unified PD Rating Scale (UPDRS) III) and activities 
of daily living (UPDRS II) scores improved by 49% and 65%, respectively in 
the "off"-medication state, and by 33% and 43%, respectively in the "on"- 
medication state. "Off" -medication timed motor tests improved to pre- 
operative best "on"-medication times in the four cases, with a composite of 
the timed motor tests at 12-months showing improvements of 50% and 
23% in the "off" and "on"-medication states, respectively. Chronic GDNF 
infusion was tolerated well in all patients and limited side effects were 
observed. 

This is an exciting initial trial that is being followed up in the United 
States, at the University of Kentucky, with an FDA-approved Phase-I safety 
trial on the use of chronically administered GDNF in ten patients with 
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Figure 2. 

The schematic illustrates the SynchroMed™ pump and catheter placement. The titanium-encased, 
biologically-compatible pump is surgically implanted in the subcutaneous layer of the abdomen and 
connected by tubing to a catheter stereotactically positioned into the putamen (*). The pump is 
refilled with GDNF by injections through the skin into a portal diaphragm. In addition, the rate and 
timing of delivery are noninvasively programmed from an external computer. C: caudate nucleus; C: 
globus pallidus; L: lateral ventricle; P: putamen. 



advanced PD. These studies could not only help designing better treatment 
for GDNF, but could also lay the foundation for the chronic delivery of other 
molecules into the human brain. However, while the data from the recent 
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intraparenchymal clinical trial in humans look encouraging [60], extensive 
blinded efficacy trials will need to be conducted before it can be determined 
if chronic treatment with GDNF or other trophic molecules will prove useful 
in treating patients with PD. 

6 Summary 

Parkinson's disease is characterized by a progressive degeneration of the sub- 
stantia nigra pars compacta dopamine neurons that innervate the striatum. 
Unlike current treatments for PD, GDNF administration could potentially 
slow or halt the continued degeneration of nigral dopaminergic neurons. 
GDNF does not cross the blood-brain barrier and needs to be administered 
directly into the brain. Due to the progressive nature of PD, sustained deliv- 
ery of trophic factors may be necessary for optimal, long-term neuronal 
effects. Novel methods for sustained delivery of GDNF into the nigrostriatal 
pathway are currently being studied in non-human primates, including 
computer-controlled infusion pumps. Using this approach, we have demon- 
strated that chronic infusions of nominally 7.5 or 22.5 pg/day GDNF into 
the lateral ventricle, the putamen or the substantia nigra, using program- 
mable pumps, promotes restoration of the nigrostriatal dopaminergic sys- 
tem and significantly improves motor functions in MPTP-lesioned rhesus 
monkeys with neural deficits modeling the terminal stages of PD and in aged 
rhesus monkeys modeling the early stages of PD. Based on the promising 
studies of the chronic effects of GDNF in non-human primate models of PD, 
a study was recently conducted in England on five advanced PD patients. 
Chronic GDNF infusion into the dorsal putamen, via programmable pumps, 
resulted in improved motor function in all patients and limited side effects 
were observed. However, while the data from this intraparenchymal clini- 
cal trial in humans look encouraging, extensive blinded efficacy trials will 
need to be conducted before it can be determined if chronic treatment with 
GDNF or other trophic molecules will prove useful in treating patients with 
PD. 
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1 Introduction 

By way of its intrinsic structural and physiological properties, the blood-brain 
barrier (BBB) represents a formidable obstacle to the delivery of drug to the 
central nervous system. The treatments of many diseases affecting the cen- 
tral nervous system is thereby complicated by the aspect of delivery, that is, 
insuring that the therapeutic molecule will reach the target cell in sufficient 
concentration, and in a suitable timing for the treatment to be effective. 
Although many different etiologic conditions will be affected by this deliv- 
ery impediment, in no other condition has it been as extensively docu- 
mented as in malignant brain tumors. Brain tumor is the prototypical situa- 
tion through which one can best exemplify the problematic of delivery 
across the blood-brain barrier. We will therefore frequently refer to this par- 
ticular problematic, acknowledging the fact that a lot of research endeavour 
in this field was undertaken as alternate strategies in the treatment of brain 
tumors. However, by no means will we imply that these strategies should be 
restricted to the treatment of cerebral malignancies. 

Chemotherapeutic drug trials for brain tumors have been conducted 
worldwide for more than 4 decades, and most investigators agree that little 
progress has been made since the introduction of the nitrosoureas, a class of 
chemotherapy agents [1]. Moreover, the impact of these molecules on the 
natural course of malignant astroc 5 dic neoplasms is rather limited. So limited, 
in fact, that many authors believe that their use might not be warranted [2]. 
Limited therapeutic success in the treatment of CNS neoplasia with 
chemotherapy is generally attributed to two factors: natural or acquired resis- 
tance to chemotherapy expressed by tumor cells, and delivery impediment 
related to the blood-brain barrier [3] . Many other neurological pathologies 
remain unresponsive to treatment (Alzheimer disease, strokes, amyotrophic 
lateral sclerosis, Hungtington disease and Gaucher disease) despite the fact 
that gene therapy using viral vectors might be available [4]. In most of these 
examples, therapeutic efficacy is limited by the inadequate penetration of the 
therapeutic agent to the targeted cells in the central nervous system [3, 5]. 

By way of its anatomic and physiological properties (extensively discussed 
elsewhere in this book), the normal blood-brain barrier prevents passage of 
ionized water-soluble compounds with a molecular weight greater than 180 
Da [5]. As an example, most currently available effective chemotherapeutic 
agents have molecular weights between 200 Da and 1200 Da. Although the 
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integrity of the barrier is often compromised within the tumor, this alteration 
in permeability is variable and dependent on tumor type and size [3]. More- 
over, it is extremely heterogeneous in a given lesion. Although the BBB is fre- 
quently leaky in the center of malignant brain tumors, the well-vascularized 
actively proliferating edge of the tumor (the brain adjacent to tumor or BAT), 
has been shown to have variable and complex barrier integrity [6] . Therefore, 
by steeply reducing the concentration of intravenously administered 
chemotherapeutic agent at the periphery of the tumor, the phenomenon of 
sink effect is yet another mechanism that can contribute to chemotherapy 
failure in CNS neoplasm treatment [7]. Therefore, a strategy to increase dose 
intensity to the CNS must take into account the impediment imposed by the 
barrier, and somehow, bypass it [8]. 

Interestingly, despite the fact that this limitation in delivery imposed by 
the barrier is more and more acknowledged, this topic (of delivery) remains 
underdeveloped and under discussed in the field of neurosciences [9]. 

Different approaches have been advocated to improve delivery across the 
blood-brain barrier. These approaches can be broadly classified as either local, 
regional or global in their ability to circumvent the BBB. The local delivery 
methods are best exemplified by direct stereotactic inoculation of therapeu- 
tic vectors. The convection-enhanced delivery strategy, or clysis (see below), 
is considered regional in its ability to deliver a molecule to the CNS. Finally, 
the global delivery involve methods allowing delivery to the whole CNS, the 
best example being the use of chimeric molecules exploiting carrier systems 
in the BBB (discussed in the chapter by Suresh P. Vyas, this volume). The dif- 
ferent strategies can also be stratified according to the rational on which they 
are derived: they are either neurosurgical-based (invasive), pharmacological- 
based (lipid carriers) or physiological-based (exploiting endogenous carrier 
system) [10]. In this chapter, we will focus the discussion on the transient 
osmotic permeabilization of the BBB, an invasive approach offering the 
potential of global delivery. However, a brief description of the other neuro- 
surgically-based delivery methods follows to allow comparison. 

2 Convection-enhancement of drug delivery 

Bulk flow of the interstitial fluid occurs under normal conditions within the 
brain, under vasogenic edema, and following infusion of solutes directly into 
the brain parenchyma. Bobo et al. [1 1] describe an animal model of fluid con- 
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vection (or bulk flow). Using a cat model, the authors demonstrated that if a 
pressure gradient can be maintained during infusion, the distribution of even 
high molecular weight proteins may be enhanced significantly when using 
high flow micro-infusion. With infusion rates of up to 4 pl/min, tracers were 
homogeneously distributed 1.5 to 2.0 cm from the infusion source. In a fol- 
low-up study, Lieberman et al. demonstrated in a series of four animal stud- 
ies that convection-enhanced infusion can result in both greater concentra- 
tion and a homogeneous distribution of larger molecules (molecular weight 
10-126 kDa) in the infused region [12]. In a recent abstract, Rainov and col- 
leagues report promising results of oncolytic adenovirus to treat recurrent 
glioblastoma using convection-enhanced delivery in a single patient [13]. 

Kroll et al. [14] replicated the results obtained in the cat models discussed 
above, in rats. These authors assessed which of three factors (dose, volume 
and infusion time) would be most influential in increasing the volume of 
virus-sized superparamagnetic particles to the brain. The total dose was the 
most important of these factors suggesting convection may not be as impor- 
tant as the total dose administered. Along with an increase in dose, a slower 
infusion time also led to higher tissue volume. Thus, the ability to increase 
dose at a slow delivery rate may lead to higher doses of chemotherapy within 
the hrain. Clinical studies are underway, evaluating this novel strategy. Mul- 
doon et al. demonstrated the convection-enhanced delivery of virus particles 
and paramagnetic iron oxide nanoparticles using intracerebral inoculation 
vs. osmotic disruption of the BBB [15]. The former approach demonstrated 
local delivery of the viruses while blood-brain barrier disruption (BBBD) 
demonstrated more global distribution of the virus particles to the disrupted 
hemisphere. 

3 Increase in vascular permeability 

RMP-7 is a bradykinin B2 receptor agonist that has been shown to selectively 
increase permeability of the vasculature supplying brain tumors in both ani- 
mal models and humans. The increase in permeability produced by this agent 
occurs rapidly but is very short, lasting only 2 to 5 minutes following cessa- 
tion of infusion. Even with continuous infusion, spontaneous restoration of 
the barrier begins to occur within 10 to 20 minutes, limiting the therapeutic 
window required to deliver medication. Also, as this approach seems to be 
more effective for the blood-tumor barrier than for the blood-brain barrier. 
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this approach may hold better promise for hrain metastases than for primary 
brain tumors, or for other non-neoplastic application. The delivery system 
overall is well tolerated with very few related adverse events [16]. Thus far, it 
has been tested mostly with carboplatin in phase 1 studies and in dose esca- 
lation. 

4 Local delivery 

This approach involves the local application of the therapeutic vector, 
whether it be "wafers", containing a fixed concentration of chemotherapy, 
stem cells, antibody conjugate or gene producing cells. Thus far, wafers have 
been tested with l,3-bis(2-chloroethyl)-l-nitrosourea (BCNU) and are now 
commercially available for use in recurrent gliomas [17]. Other dmgs are 
being tested using the same strategy [18]. Although conceptually advanta- 
geous with respect to the low systemic exposure to the therapeutic agent, this 
approach has one notable limitation: the poor diffusion of the molecule in 
the brain parenchyma resulting in uneven drug distribution. The same 
restriction would apply in the treatment of other global CNS pathologies. 

5 Blood-brain barrier disruption (BBBD) 

This approach involves the cerebral intravascular infusion of hypertonic solu- 
tions to produce a transient increase in permeabilization of the barrier, in a 
given cerebral distribution (carotid or vertebral) (Fig. 1). There is now exten- 
sive animal and human clinical data on the use of this approach [3, 5, 7]. 

When one realizes the extensiveness of the vascular network supplying 
the brain, it becomes obvious that a global delivery strategy is plausible by 
using this vascular network as a vector of delivery. The importance of this net- 
work has already been exposed by Bradbury, stating that the entire network 
covers an area of 12 m^/g of cerebral parenchyma [19]. In fact, the exten- 
siveness of this network is further exemplified by the fact that the brain 
receives 20% of the total cardiac output, even though its weight constitutes 
only 2% of the total body mass [20]. By increasing the permeability of these 
vessels, inactivating the function of the BBB, the perfect mean of global deliv- 
ery is at hand. This inactivation in the BBB function obviously needs to be 
transitory, but of sufficient time to allow the intra-arterial infusion of a ther- 
apeutic molecule. It is precisely what the BBBD procedure offers. 
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Figure 1 . 

Graphical sketch illustrating the hypothesis concerning the osmotic BBB modification. The tight junc- 
tions are shown (a) as devoid of any anatomic space between the endothelial cells. Moreover, the 
multi-drug resistance gene product (MDR), or p-gp efflux pump is also illustrated as it is integral to 
the mechanism of the barrier. The osmotic BBBD procedure induces a retraction in the cell membrane, 
and a physical opening (b) accompanied by a modification of the Ca^"^ metabolism in the cell. 



5.1 Pre-clinical data 

In the late 40's, Broman and Olson first reported on the effects of some angio- 
graphic contrast media on the permeability of cerebral blood vessels [21]. 
Twenty years later, Rapaport et al. described the effect of intra-arterial infu- 
sion of hyperosmolar solutions on the cerebral vasculature and first theorized 
on the osmotic opening of the blood-brain barrier [22]. Using intravascular 
Evans blue-albumin extravasation as a marker of permeability, these authors 
determined the different parameters consistent with a reversible opening of 
the BBB. Evans blue binds tightly but reversibly to albumin in vivo, resulting 
in a 68,500 Da molecular weight marker that normally does not cross the 
BBB. It was thus established that the blood-brain barrier can be disrupted after 
the intravascular infusion of a 1.4 M (1.6 molal solution). The osmotic thresh- 
old (the minimal osmolal concentration) of the hypertonic solution required 
to induce reversible BBBD varies with the lipid solubility of the solute as mea- 
sured by the octanol/water partition coefficient [7]. The osmolal threshold 
increases with increasing lipid solubility. Hypertonic solutions used to dis- 
rupt the BBB include mannitol, arabinose, lactamide, saline, urea and several 
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radiographic contrast agents. Because it is approved for administration to 
patients, mannitol has become the agent of choice in both preclinical and 
clinical studies [5]. Opened tight junctions were visualized using electron 
microscopy with the tracer horseradish peroxidase after intracarotid infusion 
of hypertonic solutions in different animal species [23]. Moreover, using an 
in vitro preparation of monolayer endothelial cells as a model of the BBB, 
Dorovini-zis et al. were able to show the opened junctions after exposition 
to a hypertonic solution [24]. 

A number of substances and physiological alterations have also been stud- 
ied for their ability to modify the properties of the barrier. These include 
pentylenetetrazol, dimethyl sulfoxide, etoposide, 5-FU, vineralbin, hyper- 
tension and hypercapnia. For reasons such as inconsistency of barrier open- 
ing, duration of barrier opening, resultant structural damage and irre- 
versibility, none of these agents is likely to be clinically applicable [5]. 

5.2 Parameters involved in the BBBD 

Two parameters are paramount in the ability to mediate a hyperosmolar mod- 
ification of the barrier: the osmolality of the solution, and the infusion time. 
Using a solution of 1.6 molal arabinose in pentobarbital-anesthetized rats, 
Rapaport determined an interval of 30 seconds as the optimal infusion time 
for BBBD [25]. The same infusion time was applied to the use of mannitol 
with similar findings in the same animal model [7]. Our laboratory has iden- 
tified 22 seconds as a minimum infusion time to produce BBBD in the Long- 
Evans rat model. However, this was produced at the expense of a higher infu- 
sion rate with an increased rate of hemorrhagic complication (submitted). 
Therefore, the 30 seconds infusion interval is considered standard by most 
authors. 

BBBD requires general anesthesia for a number of reasons [3, 5, 7]: 

1. The procedure generates a significant level of pain. 

2. It causes a transient rise in intracranial pressure requiring cerebral pro- 
tection. An actual increase in brain water (vasogenic edema) of 1-1.5% has 
been documented after the procedure. 

3. The mannitol infusion induces hemodynamic instability. This is illus- 
trated in the treated animals by a brief (20 to 30 seconds) period of apnea, 
h 3 q)otension and bradycardia [7]. The same phenomenon is observed in 
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the humans undergoing the procedure, and must be pharmacologically 

prevented (see section on the clinical procedure). 

The choice of anesthetic agent has proven important in the quality of 
BBBD, as well as the potential for toxicity related to the drug treatments 
[26, 27]. 

Ketamine, as well as other anesthetic agents used for BBBD, was found 
to be inconsistent, producing only 40-70% of good to excellent BBBD [26]. 
It is presumed that negative impact on the cardiac index, as well as on car- 
diac rate and systemic arterial pressure reduces the effectiveness of the pro- 
cedure by altering cerebral blood flow, thus decreasing the effective rate of 
mannitol delivery during the intra-arterial infusion [26]. Relative incon- 
sistencies in BBBD obtained when using certain anesthetic agents 
prompted efforts to modify the model. Propofol has been shown to be the 
most efficient agent, producing greater than 95% of good to excellent BBBD 
in animals (Fig. 2) [27]. With increase in both the consistency and the 
intensity of the BBBD, propofol has also been found to produce neuro-tox- 
icity with certain chemotherapy agents not previously reported as toxic 
with other anesthetics [28]. Hence the choice of a specific anesthetic agent 
may be accompanied by undesirable toxicity eliminating any potential 
advantages. 

5.3 Monitoring the degree of BBBD in animal models 

Traditionally, a 2% solution of Evans blue is administered intravenously (2 
ml/kg of body weight) in the animal prior to the BBBD procedure [7] . As men- 
tioned earlier, the marker binds tightly but reversibly to albumin in vivo 
resulting in a 68,500 Da molecular weight marker that does not cross the 
intact BBB. It thus provides a semi quantitative visual measure of osmotic BBB 
modification (Fig. 3, Tab. 1). Another approach has been described in which 
a perfusate containing ^^C-sucrose is infused intra-arterially post disruption. 
The brain is then harvested, digested and scintillation counting is accom- 
plished [29]. 

Our laboratory is currently developing a quantitative approach, using 
immunochemistry to label albumin (Fig. 4). The slides are then scanned and 
treated in an imaging software developed by Le Dinh and his team (Sher- 
brooke University). The images are converted in gray scales matrix. A numer- 
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Figure 2. 

Graphic depicting the difference in delivery obtained by modification of the anesthetic agent. The 
comparison was carried between isoflurane and propofol for ^H-methotrexate. The graphic is broken 
down according to the regional assessment of delivery for the tumor, brain around tumor (BAT), brain 
distant to tumor (BDT) and undisrupted control hemisphere (LH). (Results obtained in Dr. Neuwelt's 
laboratory.) 



ical value is assigned to the number of pixels above a standard threshold mea- 
suring the immunostaining, and this value is assigned as the degree of BBB 
modification. The disrupted hemisphere value assigned is normalized using 
the contralateral hemisphere for each animal. This approach has been found 
to highly correlate Evans Blue staining, while providing a more precise mea- 
surement and an objective value (submitted). It has the notorious advantage 
of allowing the study of the topographic distribution of the BBB modifica- 
tion (Figs. 4 and 5). 

Other techniques have been applied to measure the degree of BBBD in the 
animals, using computed tomography (CT) scan, magnetic resonance imag- 
ing (MRl) and radionuclide imaging [5]. While providing antemortem data 
on the degree of disruption in the treated hemisphere, these techniques are 
cumbersome and expensive, and cannot be used routinely. We are about to 
initiate a positron emission tomography (PET) scan study using cooper- 
marked albumin that will allow us to perform antemortem assessment of 
BBBD. 
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0,06 cc/sec. 0,08 cc/sec. 0,10cc/sec. 0,12cc/sec. 0,15cc/sec. 

Figure 3. 

Sequential discoloration of the right hemisphere in a series of Fischer rats infused with intravenous 
(i.v.) Evans blue and treated with BBBD according to our modified model. 0.1 2 cc/sec has been iden- 
tified as the optimal infusion rate. 



Table 1 . 

Grading scale for descriptive quantification of Blood-Brain Barrier Disruption (BBBD) provided by 
Evan's blue staining 



BBBD grade Description 



Grade 0 No blue staining of the cerebral parenchyma 

Grade I Slight blue tint to the cerebral parenchyma in the territory supplied by 

the parent artery infused with the mannitol 

Grade II Clearly demarcated blue staining of the cerebral parenchyma in the territory 

supplied by the parent artery infused with the mannitol 
Grade III Blue staining of the cerebral parenchyma which tends to surpass the 

territory supplied by the parent artery infused with the mannitol via the 
polygon of Willis 

Grade IV Extreme blue staining of the cerebral parenchyma which surpasses 

the vascular territory infused with the mannitol 



5.4 Animal models 

Different animal BBBD models have been developed, but the rat, for its ease 
of use, is the most frequently cited [30]. Studies in normal rats demonstrated 
that greater than 95% of the animals attained good or excellent BBBD when 
infused with 1.4 mol/L mannitol when using propofol. In contrast, in rats 
with brain tumor xenografts, only approximately 60% of animals had good 
or excellent disruption [27]. 

The standard technique involves the surgical exposition of the right 



136 




Altering the properties of the blood-brain barrier: disruption and permeabilization 




Figure 4. 

Coronal sannples of non-tumor bearing Fischer rat brain exposed to BBBD with our modified model. 
An albumin immunohistochemistry was accomplished, and is illustrated by the black discoloration in 
the right hemisphere. The mannitol infusion rate was 0.08 cc/sec in (a) and 0.12 cc/sec in (b). The 
difference in staining intensity can be appreciated, as well as the topographic heterogeneity in cap- 
illary leaking. 
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Figure 5. 

Coronal sample of Fischer rat brain exposed to BBBD with our modified model 20 days after the 
implantation of a F98 tumor. An albumin immunohistochemistry was accomplished, and is illustrated 
by the black discoloration illustrating the marked increase in permeability in the right hemisphere 
around the tumor. 



carotid complex under aseptic technique, and the catheterization of the 
external carotid artery in a retrograde fashion using a PE-50 intramedic tub- 
ing so that the tip of the catheter is lying just above the bifurcation. The solu- 
tion of 25% mannitol is then administered intra-arterially via the catheter in 
the external carotid artery. 

We have modified the model to improve the effectiveness and consistency 
of the BBBD procedure while using ketamine as an anesthetic agent, thus 
decreasing the risks of neurotoxicity observed with the pre-clinical use of 
propofol. The modification simply involves the placement of a temporary 
vascular clip to the common carotid artery approximately 1 cm proximal to 
its bifurcation prior to the infusion of mannitol (Fig. 6). This simple step 
allows the isolation of the perfused hemisphere from the hemodynamic 
effects induced by the anesthetic agent upon the cardiovascular system. It 
simplifies the hemodynamic system by decreasing the number of variables 
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Figure 6. 

Surgical dissection of the right carotid artery complex in the rat, demonstrating the application of a 
temporary vascular clip (black arrow head) to the right common carotid artery (white arrow head). 
A PE-50 intramedic catheter (double arrow) cannulates the external carotid artery allowing infusion 
of mannitol in a retrograde fashion into the internal carotid artery (single arrow) to produce osmotic 
blood-brain barrier disruption. 



involved. The rate and duration of infusion then become the sole relevant 
modifiable parameters. 

It is of note that the parameters considered optimal for the BBBD proce- 
dure are different and must be adjusted for the strain of rat, the size of the ani- 
mals and the anesthetic used. Reviewing the BBBD approach in seven exper- 
imental brain tumor models, Blasberg et al. concluded that vascular perme- 
ability varies tremendously among models, and the threshold for BBBD within 
tumor is directly related to permeability of the tumor before disruption [30]. 

5.5 From pre-clinical data to the clinic 

From the animal studies, critical information was obtained and later corre- 
lated in the human situation [3, 5, 7]. These data were paramount in the 
deployment of a standardized BBBD procedure in the clinic. 
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The procedure has been found to produce a marked increase (10- to 100- 
fold) in brain and cerebrospinal fluid (CSF) concentrations of methotrexate and 
of other markers [7] (Fig. 7). The alteration in permeability is variable within 
different brain regions and within different types and sizes of tumors [30]. 

Typically, the ipsilateral cerebral cortex, containing the highest density of 
capillaries, is the area where the permeability is mostly increased by the BBBD 
procedure. Interestingly, this regional heterogeneity favoring the cortical area 
accounts for the fact that the procedure evades the problem of the sink effect, 
the rapid equilibration into normal brain of drug delivered primarily to 
tumor in sub therapeutic concentrations, by providing higher and more uni- 
form delivery to the whole CNS [5]. This decreases the rate at which mole- 
cules diffuses away from the tumor, resulting in prolonged tumor exposure 
to a higher concentration of drug [31, 32]. 

Another interesting finding derived from the pre-clinical studies was the 
impact produced by radiotherapy on delivery. The administration of exter- 
nal beam radiation therapy either prior to or concurrent with the adminis- 
tration of a high molecular weight marker ^^C-labeled dextran 70, or a low 
molecular weight marker ^H-labeled MTX resulted in a statistically significant 
(P < 0.01) decrease in drug delivery when compared to animals not receiving 
cranial irradiation in a rat model [33]. Therefore, previous cranial irradiation 
decreases the delivery of agents to brain after osmotic BBBD. Radiotherapy is 
considered a standard treatment for malignant brain tumors and is regularly 
used, even if it has the potential to induce significant neurotoxicity. The fact 
that it also further decreases drug delivery after BBBD should be considered 
when evaluating the efficacy of BBBD in patients previously irradiated. Ide- 
ally, radiotherapy should not be administered before BBBD. 

Neurotoxicity, however, might also be produced by increasing the deliv- 
ery of molecules that are normally restricted in their CNS penetration. This 
has been exempiified in a number of studies. Severe neurotoxicity has been 
documented when using BBBD in animal models to increase the delivery of 
chemotherapy agents such as cisplatin and doxorubicin [5]. While modifying 
the animal model of BBBD by using propofol as the anesthetic agent with the 
goal of further improving delivery, Fortin et al. demonstrated an increase in 
toxicity with agents that were never identified as toxic before the use of this 
modification [28]. That is, agents routinely used without toxicity in the ani- 
mal and the humans in the context of BBBD enhanced delivery became toxic 
when the enhanced delivery was further maximized. This illustrates the fact 
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Figure 7. 

Graphic illustrating me increased delivery of r. Ae (A), and of Dextran (B) in the tumor, brain 

around tumor (BAT), brain distant to tumor (Bu i ; and the undisrupted left hemisphere (LH). The 
graphic depict the comparison in delivery after blood-brain barrier osmotic disruption, bradykinin 
infusion, and a saline control infusion. (Results obtained in Dr. Neuwelt's laboratory.) 
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that potential complication related to this strategy should not be taken lightly. 
That being said, the clinical experience so far has demonstrated the safety of 
this procedure, and as will be discussed in the following section, the proce- 
dure is now well standardized and its application in the human is already a 
reality with objective data on its potency to increase delivery to the CNS. 

Different molecules have been used in conjunction to the BBBD procedure 
in the animal models. Different chemotherapy agents, monoclonal antibod- 
ies, superparamagnetic particles and virus have been successfully delivered 
with this approach [35-40]. In the human, thus far, the experience has been 
limited to the use of chemotherapy agents, and of boronophenylalanine in 
the context of brain tumor treatment [41, 42]. 

5.6 The clinical experience so far 

Neuwelt and his group conducted the first phase I clinical studies on osmotic 
opening of the blood-brain barrier, beginning in 1979 [3, 7]. After a series of 
phase I studies (toxicity assessment) had been successfully completed, phase 
II studies (efficacy assessment) were initiated, and are still underway, paving 
the way for phase III studies (randomized study assessing the efficacy of the 
procedure against a treatment considered as standard). Using a standard tech- 
nique of osmotic blood-brain barrier disruption to enhance chemotherapy 
delivery with three different chemotherapy protocols, more than 3000 pro- 
cedures have been performed in more than 300 patients across the BBBD con- 
sortium, an entity which includes six university centers coordinated by the 
Oregon Health Sciences University [41]. 

The data derived from this consortium have been reported [41]. As men- 
tioned previously, the experience has been limited to brain tumor treatment, 
and since this is not the focus of this chapter, the results will not be discussed 
in detail. However, this study is worthy of our attention because it basically 
demonstrates for the first time that by using a standardized protocol, the BBBD 
procedure is safely applicable in the setting of a multicenter effort. Dr. Neuwelt 
and his team must be entirely credited for pioneering this clinical approach. 

5.7 Description of the clinical BBBD procedure 

Since general anesthesia is required, the osmotic opening of the blood brain 
barrier is accomplished in the operating room or in the angiography suite 
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The Sherbrooke University Hospital center angio-ct suite, allowing the acquisition of rapid sequential 
CT-scan during and after the BBBD. 



(Fig. 8). The anesthetic agent used for the procedure has traditionally been 
isoflurane, but the BBB international consortium is evaluating the possibil- 
ity to use other agents to maximize the consistency of the procedure. 

The human cerebral arterial system is organized in such a way that there 
are basically 4 major arteries responsible for the brain irrigation. The vascular 
anatomy can be variable from one individual to another, and thus the precise 
anatomy must be determined during the first treatment session by a formal 
cerebral angiography. The nature of the procedure, by producing a vasogenic 
edema in the treated vascular distribution, do not allow for dismption of more 
than one vascular territory in a single treatment session. This implies that if 
a lesion covers more than one vascular distribution, different treatment ses- 
sion will have to be offered to the patient to complete one cycle of treatment. 

As hemodynamic factors impact on the degree of disruption, every 
attempt is made to keep heart rate and systemic pressure stable and above 
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threshold values (established for each patient) during the general anesthesia 
[3, 41], 

After general anesthesia, the technique involves the following steps: 

1. Selective catheterization via percutaneous transfemoral puncture of left 
internal carotid artery, right internal carotid artery, left vertebral artery 
and right vertebral artery. The tip of the catheter is positioned at the C2- 
C3 vertebral level in the carotid, or at the C6-C7 vertebral level in the ver- 
tebral artery. 

2. Determination of rate of infusion of mannitol by iodinated contrast injec- 
tion and fluoroscopy, as the lowest infusion rate in which there is retro- 
grade flow from the arterial catheter. The volume of mannitol infused will 
be the rate determined in cc/sec x 30 sec (usually between 4 to 12 cc/sec 
in carotid circulation, and between 4 to 10 cc/sec in vertebral circulation). 
The ultimate goal is to fill the entire vascular compartment in a given ves- 
sel distribution, without producing backflow of mannitol in the parent 
vessel. 

3. The osmotic disruption is a physiologically stressful procedure. It can 
induce focal seizures in 5% of procedures [41]. It can also trigger a vaso- 
vagal response with bradycardia and hypotension. In order to prevent the 
occurrence of these adverse effects, the following medications are admin- 
istered just prior to the disruption: 

A. Diazepam 0.2 mg/kg IV (maximum dose = 10 mg). 

B. Thiopental 1 to 3 mg/kg IV. 

C. Atropine IV, titrated to increase heart rate 10 to 20% from baseline (0.5 
to 1 mg). 

D. Ephedrine, if needed, to obtain systolic blood pressure of at least 100 
mm HG. 

Moreover, as mentioned earlier, the procedure induces a low to moderate 
transient rise in intra-cranial pressure. To minimize this effect, the patient 
is hyperventilated 3 to 5 minutes with 100% O 2 to obtain an end tidal CO 2 
of 30 to 35. 

4. Osmotic disruption of the blood brain barrier is accomplished by infus- 
ing mannitol, 25%, in the previously catheterized artery at the previously 
defined rate. 

• During the infusion, interesting signs can be observed. The medial 
aspect of the forefront ipsilateral to the side of the infusion undergoes 
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a whitish discoloration explained by the washout of blood from the 
ethmoidal branches, arteries known to connect the intracranial circu- 
lation to the extra cranial circulation. Bilateral pupillary dilatation can 
also be observed during the mannitol infusion. This is followed by a 
brief period of tachycardia and systemic hypertension. 

5. Intra-arterial contrast infusion to confirm catheter position and rule out 
arterial injury post-disruption. 

6. Infusion of the therapeutic molecule intra-arterially in the disrupted cir- 
culation. The concentration of the solution and the rate of infusion are 
critical factors when infusing intra-arterial solutions in avoiding neuro- 
toxicity. The phenomenon of streaming defines an inhomogeneous dis- 
tribution of the administered solution because of poor mixing at the infu- 
sion site [43]. It is directly related to the Reynold number, a crucial para- 
meter in fluid dynamics that predicts the transition from streamlined to 
turbulent flow [43]. In the equation leading to the Reynold number, the 
density and viscosity of fluid, lumen diameter of the infused vessels and 
velocity of flow are all important determinant to control in order to avoid 
streaming [44]. 

7. Termination of procedure. The patient is taken to recovery room, where 
his neurological status and state of consciousness will regularly be evalu- 
ated until full recovery. 

If the degree of BBBD opening needs to be assessed, a standard dose of intra- 
venous (i.v.) non-ionic contrast bolus can be administered five minutes after 
the mannitol infusion. At the end of the procedure, before proceeding to the 
recovery room, the patient is taken to the CT scan suite. The non-ionic con- 
trast is a water-soluble agent, and its distribution across the barrier is there- 
fore a good reflection of the extent of the barrier opening (Fig. 9). The con- 
trast enhancement in the distribution of the disrupted vessel is linear with 
the degree of disruption. A visual grading system described by Roman-Gold- 
stein et al. can be used to evaluate the degree of disruption [45]. 

The classification used is as follows: 

1 Nil (no disruption) 

2 Moderate 

3 Good 

4 Excellent 
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Figure 9. 

(a) Pre-treatment MRI with gadolinium enhancement in the right basal ganglia of this 67 y.o. patient. 
A central nervous system lymphoma was diagnosed by a biopsy, (b) An iodinated contrast-enhanced 
CT scan in the same patient 20 minutes after BBBD in the right hemisphere. Beside the uptake of iod- 
inated contrast material in the right hemisphere, notice the area around the tumor that was not uptak- 
ing gadolinium contrast on (a), that now brightly enhances. This area is considered the BAT (brain 
around tumor), and now is permeable, as well as the brain distant to tumor in the right hemisphere 
to the therapeutic molecule that will be administered (methotrexate, in this case). 



Grade 3 BBBD (good) is generally considered the ideal degree of permeabi- 
lization. Grade 4 disruptions (excellent) tend to be paralleled by transitory 
neurological deficits and more prolonged unconsciousness, and are there- 
fore not advisable for most patients [41]. On the other hand, grade 1 dis- 
ruptions are probably not significantly effective in increasing delivery across 
the BBB. Grade 2 might be acceptable, but grade 3 should be aimed for. This 
visual grading has not been directly correlated with the factual increment 
in drug delivery. However, and interestingly, when reviewing our series of 
patients with primary CNS lymphoma treated with BBBD and methotrexate 
tri-drug regimen, our data did show a relationship between the degree of the 
disruption, as assessed by contrast enhanced CT scan, and survival in those 
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Figure 1 0. 

(a) Serial CT scan obtained 5 minutes after BBBD, and (b) 1 0 minutes after BBBD. The iodinated con- 
trast product was infused 1 minute after the mannitol infusion. Note the important contrast stagna- 
tion after 5 minutes, and the impressive decrease after 1 0 minutes. The contrast is illustrated as a 
whitish signal in the brain parenchyma. 



patients [46], It therefore clearly established a relation between the clinical 
outcome of the patient and the intensity of delivery obtained by the proce- 
dure. 

We are currently investigating the dynamic of the vascular alteration in 
permeability using sequencing CT scan imaging during and after the intrar- 
terial mannitol infusion in the context of a pilot clinical study (Fig. 10) with 
the goal of developing a more precise measurement tool for the degree and 
duration of the disruption. Although it is well accepted that the barrier is 
maximally opened for 20 minutes, some studies have demonstrated an open- 
ing for as long as 8 hours in some patients [47]. Using SPECT study in 12 
patients, Siegal and collegues found that the barrier was open during the first 
40 minutes after the procedure and returns to a functional baseline levels only 
after 6 to 8 hours following the induction of good or excellent disruption [47] . 
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5.8 Contraindications to the BBBD procedure 

As stated earlier, the blood-brain barrier disruption procedure induces a tran- 
sient rise in intra-cranial pressure (ICP; baselines 3 to 9 cm H 2 O to peaks of 
16-23 cm at 30 min post disruption). This transient rise in ICP has been 
shown to correlate with a 1.5% increase in brain fluid content [7,48]. In pre- 
clinical studies, this transient increase in ICP was not associated with any 
clinical sequelae [7]. It illustrates however the rationale behind the very first 
contraindication of osmotic BBBD; the presence of a significant mass effect. 
The definition of mass effect is somewhat arbitrary. Therefore, the following 
criteria must be used in clinic, to provide some standardization: 

1 Patients with radiological signs of herniation are ineligible. 

2 Patients with any radiological signs of compromise of the basal cisterns 
are ineligible. 

All other patients displaying significant radiological signs of mass effect, but 
not strictly adhering to these two absolute contraindications must be indi- 
vidually and carefully screened. 

Other contraindications include: 

1 Patients with evidence of spinal cord block from tumor mass. 

2 Patients at significant increased risk for general anesthesia. 

3 Patients that underwent previous vascular surgeries (including but not 
limited to femoral graft, carotid endarterectomy). 

In the clinical studies underway, other contraindications were stipulated 
directly referring to the chemotherapeutic agents, and are therefore not men- 
tioned here. 

5.9 Adverse effects 

In a seminal paper published by McAllister et al., the effect of the procedure 
combined to chemotherapy infusion (methotrexate) on neurocognitive func- 
tion was evaluated in long term survivors from the procedure. Contrary to 
numerous established treatment modalities (e.g. cerebral radiotherapy), the 
BBBD procedure was not associated with any decline in formal neurocogni- 
tive assessment [49]. 
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Adverse effects can nevertheless occur, and for ease of discussion, are strat- 
ified in two groups: 

1 Catheter related complications 

• As 5 rmptomatic subintimal tear during catheterization (incidence 5%) 

• Significant groin hematoma post catheterization (incidence 0.5%) 

• Parent vessel thrombosis, as experienced in two of our patients (inci- 
dence 0.5%). This complication can produce long term neurological dis- 
ability related to the vascular distribution involved. Fortunately, the 
occurrence of this complication did not translate in clinical repercussion 
in our patients. 

2 Disruption related complications 

• Seizures (incidence 5%). Seizures are typically focal, and are immediately 
treated with IV thiopental and/or IV Diazepam. This is typically a pro- 
cedure related event. 

• Temporary obtundation and/or increase in neurological symptoms 
(incidence 2.5%). Complete recovery is the norm, and it typically lasts 
less than 48 hours. This adverse effect is associated with an excellent dis- 
ruption. 

• Brain herniation. Obviously, the most serious complication. One patient 
expired from this complication (incidence 0.3%). It is the only mortal- 
ity event related to the procedure in 300 patients that underwent a total 
of more than 3000 procedures [41]. 

5.10 Future developments 

The literature supporting the use of the BBBD approach as a successful mean 
of delivery is considerable. It is one of the most studied delivery strategies to 
the CNS both pre-clinically and in the clinic. However, its use is still 
extremely limited. Only a few centers in the world treat patients with the 
osmotic BBBD procedure. This is explained by many factors: the procedure 
has a steep learning curve, it requires access to technical facilities on a regu- 
lar basis, and it requires the presence of different specialists, all working on 
a weekly schedule as a team. The procedure is deemed "invasive" or "aggres- 
sive", even though the security and feasibility has been reported on, and 
tested in more than 400 patients in the context of multi-centers studies. Clin- 
ical research is underway to refine treatment of brain tumors with this 
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approach. New chemotherapy agents are to be tested, in this notoriously 
chemo-resistant disease. New chemoprotectant agents are also to be tested, 
to decrease the systemic side-effects of chemotherapy. The barrier imposed 
by the BBB brings the opportunity to treat all CNS disease with the ideology 
of a two compartment disease, where the CNS dose of the therapeutic agent 
is maximized, while the systemic exposure is minimized or even nullified. 
This can be accomplished with the use of agents that would not cross the BBB, 
yet that would inactivate the systemic drug in circulation. These agents could 
be administered once the barrier is closed, therefore supporting the relevance 
of establishing more precisely the window of opening following mannitol 
infusion in each patient. One clinical example of this strategy is already used 
across the international BBB consortium with the administration of sodium 
thiosulfate as a rescue agent to the toxicity of carboplatinum [50, 51]. 

Pre-clinical research aiming at combining the osmotic BBBD procedure 
with the administration of other type of molecules is also actively underway. 
Viral vector, monoclonal antibodies and oligo-antisense are but a few exam- 
ples of non-conventional agents tested in conjunction with the BBBD pro- 
cedure. In face of the increasing and encouraging pre-clinical data, the first 
phase 1 studies in the humans combining BBBD to non-conventional mole- 
cule infusion should see the light in a few years. 

6 Conclusion 

In a recent editorial, Pardridge described his astonishment at the fact that the 
delivery issue is not treated with the proper respect it deserves when consid- 
ering treatment of various central nervous system disease [9]. Amazingly, in 
the field of brain tumors, an important number of clinical studies are still 
underway with intra- venous administered agents possessing a poor penetra- 
tion of the BBB. The scientific community involved in the field of neuro- 
sciences therapeutics must realize and acknowledge the role played by the 
barrier in delivery impediment to the CNS. Beside efficacy of a molecule for 
its target, the molecule must reach the target in sufficient concentration and 
time. 

The BBBD procedure represents a concerted effort to produce a rational 
approach to this delivery impediment. It has shown its safety and its efficacy 
in increasing the delivery [41]. Its potency to modify clinical outcome in cer- 
tain neoplastic disease has been established [46]. Other strategies are also 
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under investigation. With continuous effort from groups dedicating their 
research attention toward this interesting problem, the neuroscience field 
will continue to accumulate data that will eventually allow more and more 
translational use of these strategies in the clinic. 
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1 Introduction 

Many central nervous system (CNS) diseases and disorders remain very dif- 
ficult to treat because of the limiting effect of blood-brain barrier (BBB) on 
delivery of drugs into the CNS. A limited brain-uptake prevents numerous, 
otherwise promising agents to become pharmaceutically useful entities. Neu- 
ropeptides, their analogues and peptidomimetics are t 5 q)ical of these agents. 
Besides their poor BBB penetration, size, innate water-solubility and absence 
of specific transport systems to ferry them into the brain parenchyma, most 
peptides also have short biological half-lives because of rapid metabolism and 
clearance from the body [1]. 

Due to these shortcomings, specific delivery strategies discussed in this 
book have been developed to potentially overcome the hurdle to peptide 
pharmacotherapy. Enhancing brain-uptake and bioavailability of peptides 
may be achieved by reducing their size through the removal of amino acid 
residue(s) or subunits that are not essential for biological activity. Replace- 
ment of polar, ionizable amino acid residues with non-polar ones (e.g. Leu) 
at the sites that do not interfere with binding to the target receptor could also 
enhance lipid-solubility essential for the transport through the BBB. Other 
molecular manipulations for increasing lipid-solubility, which ideally also 
improve metabolic stability, include N-alkylation of one or more amide nitro- 
gens in the backbone of the peptide [2] or of amino-acid side-chains (e.g, con- 
verting Tyr to ortho-alkyl- or ortho, ortho-dialkyl-TyT) [3], halogenation [4, 5], 
various amide-bond surrogates [6] and the introduction of unnatural amino 
acids such as lipoamino acids [7]. On the opposite end, several studies have 
demonstrated that 0-linked glycosylation of peptides (on Ser or Thr residues) 
can promote their penetration across the BBB via the glucose transporter sys- 
tem (GLUT-1) [8]. There is no increase in the affinity of such glycopeptides 
to lipid membranes compared to the parent compound (the attachment of 
the carbohydrate moiety actually reduces lipophilicity), because an active 
transport process is responsible for ferrying the peptide drug into the CNS. 
Although strategies of producing appropriate peptide analogues by an irre- 
versible alteration of the structure of the parent peptide generally yield an 
improvement in BBB-transport properties, they exploit specific knowledge on 
structure-activity relationships and rely on a hypothetical "degree of free- 
dom" related to ligand/substrate binding to the target CNS-receptor. The cov- 
erage of this approach [9] is out of scope in this chapter. Our focus is on an 
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overview of the prodrug strategies that bioreversibly alter the structure of the 
target peptide (either the native form or its analogue) for improved bioavail- 
ability /CNS-uptake. 

2 The prodrug concept 

The prodrug design is perhaps the most versatile chemical manipulation 
strategy that attempts to solve or reduce certain identifiable shortcomings 
(e.g. insufficient solubility, stability, bad taste, limited tissue-uptake, etc.) of 
a parent drug having limited clinical usefulness. This technique relies on 
bioreversible chemical alteration of the target agents to produce their pro- 
drugs having improved physicochemical characteristics compared to those 
of the parent drugs [10, 11]. The term of "prodrug" or "proagent" was first 
introduced by Albert [12] in the late 1950's to define pharmacologically inac- 
tive chemical derivatives that could be used to alter the physicochemical 
properties of drugs, in a transient manner, to increase their usefulness and/or 
to decrease associated toxicity. Other names, such as "latentiated drugs" [13] 
or "congeners" [14] have also been used but "prodrug" is the most commonly 
accepted nomenclature. 

There is no strict definition for this term; in a broad sense prodrugs can 
be described as precursors of the parent drugs having no intrinsic activity that 
must undergo enzymatic and/or chemical/spontaneous process in a (prefer- 
ably) predictable way to regenerate the active agent in vivo (Scheme 1). Sim- 
ple prodrugs contain a covalent link between the drug and the strategically 
selected chemical/transport moiety. However, these precursors of the target 
drugs are frequently obtained by multiple chemical manipulations; thus, the 
term of prodrug will be used here to refer to any inactive, bioreversibly mod- 
ified lead compound independently from the number and nature of chemi- 
cal manipulations and pro-moieties, respectively. A classical example for a 
widely used prodrug is aspirin that quantitatively releases the active agent 
(salicylic acid) in vivo by esterases, and was designed to be less corrosive to 
the gastrointestinal mucosa then its parent drug. 

Site-specific drug delivery by prodrug design may be the ultimate goal, 
where the drug's therapeutic effect is exerted only at the "site-of action" with 
no or minimal effect elsewhere in the body. Thus, the inactive prodrug 
should ideally release the active agent either non-enzymatically at the site of 
action or by the action of target-specific enzymes that are either characteris- 
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Scheme 1 . 

Schematic illustration of the prodrug concept. 



tic for or more abundant at the target site than anywhere else in the body. 
For true site-specific delivery or targeting a "lock-in" mechanism should pre- 
vent the efflux of the prodrug/drug from the target tissue [15] while the rapid 
elimination of the drug/prodrug from other body parts should be facilitated. 
Naturally, a prodrug must also have easy access to the target tissue. Numer- 
ous excellent and comprehensive reviews gave insight into prodrug design 
techniques [16-18]. 
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3 Design of CNS-permeable prodrugs for peptides 

The goal of CNS-targeting is to outwit the BBB. In general, the CNS-targeting 
prodrug strategy aims at a covalent and bioreversible attachment of lipophilic 
promoiety(ies) to the water-soluble peptide ("drug") to improve CNS-uptake 
and/or decrease proteolytic susceptibility in the plasma and interstitial flu- 
ids. Once the peptide prodrug crossed the BBB, "postbarrier" enzyme(s) or 
spontaneous processes regenerate the parent peptide. As it has clearly been 
stated in the previous chapters, the BBB is a very complex endothelial inter- 
face that regulates the exchange of drugs between CNS and the peripheral cir- 
culation acting as physical and enzymatic barriers. The flow is bi-directional, 
allowing the influx of certain molecules from the blood and the efflux of 
materials from the CNS. Most drugs exert their therapeutic effect in a con- 
centration-dependent manner; thus, they need not only reach but also main- 
tain a therapeutic concentration in the CNS. 

In the classical sense, prodmgs are aimed at reaching the CNS by diffusion 
(passive transport), although promoieties that rely on active (carrier-mediated) 
transport have also been explored [18]. Passive transport through the BBB is 
controlled by several physicochemical parameters such as size (or rather, the 
molecular volume), charge and hydrogen-bonding capacity [19-21], yet lipo- 
philicity (expressed as the logarithm of the n-octanol/water partition coeffi- 
cient, logP) is generally considered the most important indicator for BBB-pen- 
etration [22, 23]. However, high lipid-solubility should also be avoided when 
making peptide prodrugs. A log P of 2 (i.e. 100-times higher affinity to the lipid- 
mimicking phase n-octanol than to water) is believed to be an optimal value for 
CNS-delivery [24]. Efflux mechanisms (e.g. a P-gp-mediated process [25]) operat- 
ing in the BBB must be also considered in prodrug design, because they can elim- 
inate the prodmg from the brain even in case of a robust influx [26, 27] result- 
ing in poor CNS-retention and short biological half-life. In essence, the differ- 
ence between the rate of influx across the BBB and that of the efflux (by, e.g., 
the cerebrospinal fluid (CSF)-sink, P-glycoprotein (P-gp) and multidmg resis- 
tance-associated protein (MRP)) of the prodmg, together with the in situ rate for 
the removal/conversion of the promoiety and the rate of the subsequent pepti- 
de degradation/elimination from its intended site of action, determines the con- 
centration of the peptide in the CNS at any time after systemic administration. 

Bioreversible lipidization of poorly CNS-available peptides involves chem- 
ical derivatization of the native peptide by taking advantage of the inherently 
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present functional group(s) of the peptide chain. Those chemical "handles" 
may be the amino- and carboxy-termini or side chain amino-, hydroxyl-, 
thio- and carboxyl groups. Appropriate masking of these polar groups will 
also decrease hydrogen bonding capacity and render the prodrug neutral at 
physiological pH. Precise placement and choice of cleavable moieties can also 
provide protection against exo- and endopeptidases. In serum or plasma, 
many small peptides with free NH 2 - and COOH-termini are degraded pri- 
marily by exopeptidases (amino- or carboxypeptidases) usually within a few 
minutes. Protection against protease recognition is one of the most impor- 
tant aspects of the CNS-targeting prodrug design for peptides, because lipid- 
soluble peptide prodrugs that can cross the BBB can only sustain adequate 
concentrations in the CNS if their blood concentration is maintained at suf- 
ficiently high levels by preventing their systemic degradation. As stated 
before, an increased lipophilicity through making a prodrug is expected to 
increase the brain uptake of an otherwise hydrophilic peptide. However, it 
may be not universally true. For example, an N-acetylated enkephalin ana- 
logue actually showed lower permeability across bovine endothelial-cell 
monolayers modeling the BBB in vitro than the parent peptide [28], which 
indicated that an increase in lipophilicity might be accompanied by increas- 
ing affinity to an efflux system in the CNS. 

3.1 Synthesis of peptide prodrugs 

Representative methods used for creating peptide prodrugs illustrated in 
Scheme 2 have previously been applied to small organic molecules possess- 
ing functional groups identical to those of peptides and, therefore, usually 
do not represent novel prodrug approaches. However, the presence of mul- 
tiple functional groups could make peptide prodrug synthesis much more dif- 
ficult. 

Derivatization of the C-terminal- or side-chain carboxyl as well as of 
hydroxyl groups results in ester-type prodrugs (Scheme 2a) that have most 
frequently been shown as promising prodrug candidates because their syn- 
thesis is straightforward, they have reasonable chemical stability and readily 
hydrolyze in vivo due to the abundance of endogenous esterases in the body. 
The rate of either enzymatic or chemical hydrolysis may be controlled by 
appropriately chosen ester function. Simple esters can be obtained by con- 
densation between an alcohol and an acid. This reaction is commonly car- 
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tied out by using coupling agents, such as 1,3-dicyclohexylcarbodiimide 
(DCC) or benzotriazole-l-yl-oxy-tris-pyrrolidino-phosphonium hexafluo- 
rophosphate (PyBOP) in the presence of catalyst e.g. 4-(dimethylamino)pyri- 
dine (DMAP) either in solution phase or utilizing solid phase peptide syn- 
thesis (SPPS) in which the peptide/peptide prodrug is assembled on a poly- 
mer-support. Recently, we also used polymer-supported reagents (DCC and 
DMAP) efficiently instead of SPPS for the preparation of CNS-permeable 
[G1 u 2]TRH prodrugs [29]. 

5-Oxazolidinone derivatization on the COOH-terminus (Scheme 2b) has 
also been suggested in peptide prodrug design [30, 31], primarily for pro- 
tecting the peptide bond against enzymatic cleavage. The regeneration of the 
target peptide is based on the esterase-sensitivity of the lactone ring of oxa- 
zolidinone followed by the spontaneous decomposition of the N-hydrox- 
yalkyl intermediate that possesses intrinsic chemical instability. 

The design/synthesis of peptide prodmgs may be quite challenging some- 
times. This is especially true, when masking of amino groups by acylation is 
attempted, because simple amides are mostly too stable in vivo (and chemi- 
cally) to be useful prodrug forms [32]. Prodrug design rel3dng on forming an 
amide bond between the peptide and the promoiety should aim at specific 
enzymes [33, 34] or specific chemistry [35, 36] (Scheme 2c). An amide-bond 
is formed upon reacting amines with acid, acid-halide or acid anhydride. 
With the latter two reagents, no additional coupling agent is necessary. Car- 
bamate preparation on an amino group of the peptides has also been con- 
sidered [37, 38], together with N-a-hydroxyalkyl and N-a-alkyloxycarbonyl 
derivatizations [39] (Scheme 2d). Preparing 4-imidazolidinones (Scheme 2e) 
may also offer a feasible solution for bioreversible amine-derivatization [40]. 
4-lmidazolidinones are readily formed by condensing an a-aminoamide moi- 
ety such as N-terminal amine with carbonyl compounds (aldehydes or 
ketones). The regeneration of the parent peptide will depend on pH, the 
structure of the carbonyl compounds (R2, R3), and the parent peptide. Alto- 
gether, making prodmgs from peptides has been possible by a variety of ways 
(by methods illustrated in Scheme 2 individually or in various combinations 
to obtain, e.g. cyclic prodmgs) as described below in this chapter. 

When the placement of the lipidizer/transport promoiety is intended 
within the peptide backbone (e.g. for protection against endopeptidases), 
either the side-chain functional groups (amino, hydroxyl, carboxyl, thiol or 
carboxyamide) or an auxiliary introduction of a functional group (e.g. by 
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a) Ester-type Prodrugs 
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b) Oxazolidinone derivatives 
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Scheme 2. 

Representative methods for peptide prodrug preparation. 
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Scheme 2 (continued). 



hydroxymethylation of the nitrogen of the targeted peptide bond) may pro- 
vide sites for chemical manipulation. Introduction of the promoiety may be 
done during the peptide-chain assembly involving continuous elongation or 
segment coupling or, alternatively, by direct derivatization of the parent pep- 
tide using solid- or solution-phase chemistry or the combination of both. 

All the functional groups that are not to be involved in chemical reactions 
during peptide/prodrug synthesis should be suitably protected. The intro- 
duced promoiety of the prodrug should also be chemically resistant against 
the conditions through which the protecting groups necessary during the 
peptide synthesis are removed at the end of the synthetic procedure. These 
requirements could create great difficulties for the medicinal chemists. The 
feasibility to synthesize peptide prodrugs has often been a critical issue that 
limited progress beyond simple model peptides or even merely peptide mod- 
els. Nevertheless, the application of the prodrug strategy has been promising 
for a variety of peptides, as discussed through representative examples in the 
following sections. 
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3.1 .1 Peptide prodrugs by masking only a single functional group of the 
target peptide 

Much attention has been paid to develop metabolically stable and CNS- 
available analgesics to avoid problems associated with the use of narcotics 
such as morphine. Enkephalins are endogeneous pentapeptides (Met/Leu- 
enkephalins, Tyr-Gly-Gly-Phe-Met/Leu) that bind to opioid receptors [41]. 
Their action on pain perception, addictive states and psychiatric disorders 
are well documented. However, analgesia is their best-known central effect 
[42] and its monitoring is the most commonly used pharmacological par- 
adigm to follow opiate activity. The metabolic stability of the enkephalins 
is very poor, at least four different t)^e of enzymes contribute to their rapid 
deactivation [43]. Therefore metabolically more stable synthetic analogues 
have been used as templates for CNS-permeable prodrug design. 

One of those analogues is [D-Ala^, Leu^]enkephalin (DALE) to which 
adamantane-based moieties (e.g. 1-or 2-adamantyl) were attached via an 
ester-bound to the COOH-terminus [44, 45]. The bulky tricyclodecane cage 
structure (Fig. 1) gave an instant 100-fold increase, based on the logP, in lipid 
solubility to the prodrugs compared to DALE. CNS-delivery of DALE was eval- 
uated by monitoring its antinociceptive activity (by the tail-pressure method 
in male mice) after subcutaneous administration of the prodmgs. The most 
potent prodmg in this assay had the 1-adamantyl tail on its C-terminus. This 
conjugate produced a significant antinociception, although a large dose was 
required (70 [imole/kg body weight). Nevertheless, the unmodified DALE was 
ineffective under the same experimental conditions. The maximum level of 
pain threshold was detected at 60-90 min post-administration, but no dura- 
tion of action has been reported. While it is very conceivable that the mea- 
sured analgesia is of central origin (i.e. naloxone-reversible) it has not been 
demonstrated experimentally. However, peptide conjugates were ineffective 
in the pharmacological paradigm used when the bulky adamantane-based 
group was placed on the NH 2 -terminus (either as an amide or a carbamate) 
instead of the COOH-terminus. This may have been due to the excessive in 
vivo stability of the NH 2 -terminal conjugate preventing the efficient removal 
of the promoiety necessary to allow for the subsequent binding to the opi- 
oid receptor. 

Ester-type prodrugs have been recently evaluated for another Leu-enke- 
phaline analogue Tyr-D-Ala-Gly-Phe-Leu-NH 2 (amidated at the COOH-ter- 
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Figure 1 . 

1 -Adamantyl ester prodrug of DALE. 



minus for protection against carboxypeptidases) [46]. 0-Acetyl, 0-propionyl 
and 0-pivaloyl esters (Fig. 2) were prepared on the t 5 nosine phenolic hydroxyl 
group of the N-protected peptide with the appropriate acid anhydride. In vitro 
studies revealed that the prodrugs degraded quantitatively in buffer and 
plasma, and as it was expected the most lipophilic and sterically hindered 
pivaloyl prodrug was the most stable in the biological media studied (e.g. ti /2 
of 2.6 h in human plasma). A 18-fold increase in the apparent permeability 
coefficient (Pgpp, basolateral to apical) was determined for this prodrug com- 
pared to the parent peptide in 30% Caco-2 cells at pH 7.4 and 37 °C. How- 
ever, the parent peptide and its prodrugs were metabolized with similar half- 
lives in pure leucine aminopeptidase solution; thus, esterification of the phe- 
nolic hydroxyl group did not influence stability towards aminopeptidases. No 
pharmacological paradigm such as measurement of antinociception has been 
reported for assessing the in vivo usefulness of these prodrugs. 

Thyrotropin-releasing hormone (TRH, pGlu-His-Pro-NH 2 ) and struc- 
turally related TRH-like peptides have been considered lead compounds for 
developing useful CNS agents [47]. The small tripeptide is the first h 5 q) 0 - 
thalamic releasing factor characterized, establishing the fundamental proof 
for the existence of a neuroendocrine regulation of pituitary functions by 
h}q)othalamic neuronal structures [48, 49]. A variety of behavioral effects are 
induced by peripheral and central application of TRH [47]. Therefore, it has 
been implicated in the management of various neurologic and neuropsychi- 
atric disorders such as depression, brain injury, Alzheimer's disease and schiz- 
ophrenia. The TRH-like tripeptide [Glu^]TRH (pGlu-Glu-ProNH 2 ), although 
originally identified from rabbit prostate, has been shown to occur in the 
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Figure 2. 

Ester prodrugs of an enkephalin analogue, Tyr-D-Ala-Cly-Phe-Leu-NH 2 . 



human brain [50]. Although pharmacological activities are similar to those 
of TRH, the beneficial effects after treatment with [Glu^]TRH are reportedly 
more robust or prolonged. The latter peptide is predominantly ionized at 
physiological pH at the carboxyl group in the side-chain of [Glu^], which 
would prevent pharmacologically significant amount from entering the 
brain, by passive transport. Therefore, we synthesized several esters of 
[Glu^jTRH (Fig. 3) and evaluated for their potential to interact with biologi- 
cal membranes by immobilized artificial membrane (lAM) chromatography, 
for their in vitro stability and for analeptic (CNS) activity, as summarized in 
Table 1 [29]. 1AM chromatography measures the partitioning into monolay- 
ers of cell membrane phospholipids immobilized by covalent binding on sil- 
ica particles. The chromatographic capacity factor (R'jam) for a compound 
obtained by the method is directly related to its partition coefficient between 
the aqueous phase and the chemically bonded membrane phase and, ulti- 
mately, to the value representing its fluid membrane partition coefficient 
[51, 52]. All ester prodrugs showed, as expected, increased membrane affin- 
ity compared to the [Glu^]TRH, and the hexyl ester (R=n-Hex) yielded the 
highest k'lAM (16.0). 

In vitro stability studies in mouse brain homogenate (20%, w/v) revealed 
that the half-lives were 20 and 22 min when R = Me and n-Hex, respectively, 
25 min for R = c-Hex, and 70 min for the stericaily hindered ester (R= t-Bu). 
On the other hand, benzyl ester (R = Bz) was quite stabie in the tissue 
(ti/ 2 > 2 h) that rendered the compound practically useless as a prodrug. 
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OR 



R = Me, n-Hex, C-Hex, t-Bu, Bz 



Figure 3. 

Various ester prodrugs of [Glu^JTRH. 



The antagonism of the barbiturate-induced narcosis in mice, a convenient 
pharmacological paradigm for the evaluation of TRH-related peptides, was 
used to assess the increase in the access of the prodrugs to the CNS at 
10 pmole/kg body weight, i.v. When compared to an equimolar dose of the 
parent peptide, prodrugs having R=Me, n-Hex, c-Hex, respectively, showed 
a statistically significant decrease in the sleeping time. Based on measuring 
analeptic activity in the animal model selected, these prodrugs also outper- 
formed the parent compound injected at 10 -times higher dose (100 pmole/kg 
body weight). The measured pharmacological effect appeared to correlate 
well with the in vitro metabolic stability of the prodrugs in mouse brain 
homogenate. A slight influence of the increase in membrane affinity was also 
revealed upon comparing the analeptic response of methyl and hexyl esters 
(Tab. 1). Therefore, esterification of the COOH in the side chain of the Glu 
residue with primary alcohols (the more lipophilic the better) afforded the 
most promising prodrugs of [Glu^jTRH. Dose-response studies with the hexyl 
ester also revealed that ED 50 was around 2 pmole/kg body weight-a ten-fold 
improvement compared to that of the parent peptide. 

An interesting triglyceride-ester based prodrug for deltorphin 11 (Tyr-D- 
Ala-Phe-Glu-Val-Val-Gly, a 6 -selective opioid agonist) with a molecular 
weight over 2500 Da was designed by Patel et al. for CNS-targeting [53] 
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Table 1. 

Membrane affinity, in vitro half-life and analeptic effect (after i.v. administration into mice at equimo- 
lar doses of 1 0 nmole/kg body weight) of [Glu^JTRH and its esters (Fig. 3) [29] 



R 




ti /2 (min) in mouse brain 
homogenate (20%, w/w) 


Sleeping time (± SEM) 
(min)*^'*^ 


H 


0 


_ 


65.3 ±2.6* 


Me 


0.13 


20 


52.6 ±1.3* 


t-Bu 


1.67 


70 


57.5 ±1.3* 


c-Hex 


6.02 


25 


54.9 ±2.3* 


n-Hex 


16.00 


22 


50.3 ±2.1* 


Bz 


5.48 


>120 


72.0 ±1.5 



“Capacity factor measured by lAM chromatography. 

'“Pentobarbital (i.p., 60 mg/kg body weight) was administered 10 min after the injection of saline 
(vehicle), [Glu^jTRH and its esters, respectively. 

‘^Asterisks indicate statistically significant differences (ANOVA followed by Dunnett's test, p < 0.05) 
compared to the control group (sleeping time 79.7 + 1 .2 min). 



(Fig. 4). It was postulated that the first step in the sequential metabolism lead- 
ing to the release of deltorphin II was the cleavage of Arg-Pro by protease 
before or during absorption of the intact prodrug at the BBB, followed by 
hydrolysis of the lipid bond by lipases during or after transmission through 
the BBB. The prodrug produced a significant and prolonged (>4 h) analgesia 
in a hot plate assay at a dose of 60 pmole/kg body weight (i.p.) in mice, albeit 
the onset of action was slow. The conjugate (unlike the parent peptide) was 
not active in mouse vas deferens and guinea pig ileum bioassays and had very 
weak binding to the 8- and p-opioid receptors; thus, it demonstrated the 
attributes of a genuine prodrug for deltorphin II. It was not clear from the 
report, however, that naloxone had been used to prove the central origin of 
the antinociception. The precise mechanisms of CNS-delivery and drug 
release from the prodrug, as well as the potential utility of this prodrug con- 
cept are yet to be further explored. 

4-Imidazolidinone derivatives of Met- and Leu-enkephalins made by 
using various aldehydes and ketones as reagents during synthesis have also 
been studied as potential prodrugs [40, 54-56] to circumvent the rapid N-ter- 
minal metabolic inactivation by aminopeptidases. A large increase in mem- 
brane penetration characterized by the chromatographic capacity factors (k') 
was achieved by the prodrugs (e.g., the 4-methyl cyclohexanone prodrug 
shown in Figure 5 had log k' of 1.44) compared to Leu-enkephalin (log 
k' = -0.15) [56]. Stability studies on the prodrugs indicated that all 4-imida- 
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HjC — OOC-(CH2)i6-CO-Arg-Pro-OH 

^ H / 

H-Tyr-D-Ala-Phe-Glu-Val-Val-Gly- 5 -N-CH — OOC-(CH2)i6-CO-Arg-Pro-OH 

H2C — OOC-(CH2)i6-CO-Arg-Pro-OH 



Figure 4. 

Triglyceride-ester based prodrug for deltorphin II. 



zolidinone prodrugs degraded stoichiometrically to Leu-enkephalin in 0.02 
M phosphate buffer at 37 °C, but were very stable (ti/2>10 h) against 
aminopeptidase N found in plasma and in the BBB, as well against 
angiotensin converting enzyme primary responsible for inactivating this 
endogenous peptide. Thus, based on lipid-solubility and metabolic stability, 
this t 5 rpe of prodrugs would offer a promising lead for CNS-targeting of 
enkephalins. However, in vivo performance has not been evaluated. 

A classical example for a simple lipidization is the derivatization of the N- 
terminal pyroglutamine by N-acylation, N-acyloxymethylation for neu- 
ropeptides like TRH, luteinizing hormone-releasing hormone (LHRH), neu- 
rotensin, bombesin, and gastrin [57, 58]. These N-terminal modifications not 
only increase peptide lipophilicity, but also protect against pyroglutamyl 
aminopeptidase (PAPase I) partly responsible for the short half-live of these 
peptides. For example, TRH has a tj /2 of only 6 to 8 min after parental admin- 
istration in humans, mainly because of the TRH-specific serum enzyme 
PAPase II [47] that hydrolyzes the bond between pGlu and His. Therefore, dis- 
guising the proximity of this bond with lipidizers is expected not only to 
enhance brain-uptake of TRH, but also to protect against PAPase II. 

TRH and its peptide models were extensively studied by Bundgaard and 
co-workers for the attachment of promoieties to pGlu [57, 58] and to imida- 
zole ring of the central His [38, 59, 60]. Using L-pGlu benzylamide, a good 
substrate for PAPase I (ti/2=10 min), they investigated N-acyl-, N-acy- 
loxymethyl- and N-aminomethyl (N-Mannich bases) derivatizations on pGlu 
as potential prodrugs forms. The stability of these compounds was assessed 
in buffer, human plasma and in the presence of PAPase 1 (from calf liver). 
While the derivatives of the TRH-model were totally resistant against this 
enzyme, they did convert to the parent compound either spontaneously 
(Mannich base) or by plasma enzymes (N-acyl derivatives). N-hydroxy- 
methyl, N-acetoxymethyl- and N-phthalidyl derivatives of the peptide model 
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Figure 5. 

A 4-imidazolidinone derivative of Leu-enkephalin. 



were also found to be stable against the TRH-degrading enzjnne and behaved 
as prodrugs in plasma, but the N-phenoxycarbonyl derivative manifested 
hydrol 3 dic ring opening of the pyrrolidinone and did not regenerate L-pGlu 
benzylamide. Although these in vitro experiments on a peptide model have 
shown that certain chemical manipulations on pGlu are promising to obtain 
prodrugs to prevent proteolytic recognition, many studies would be neces- 
sary to validate their in vivo usefulness and chemical feasibility for actual pep- 
tides. 

The imidazole group of the central His of TRH was also manipulated sim- 
ilarly to those of pGlu. Various chloroformates produced N-alkyloxycarbonyl 
prodrugs [38] (Fig. 6a) that resisted PAPase 11, but quantitatively released TRH 
spontaneously or by esterase-catalyzed cleavage. They also possessed much 
higher lipid-solubility than TRH (e.g. the logP for octyloxycarbonyl deriva- 
tive was 1.88, while the logP for TRH was -2.46). N-Phthalidylation as a 
promising approach for prodrug creation was also studied; however, like N- 
alkoxycarbonylation, it did not protect TRH against PAPase 1 or the intesti- 
nal prolyl endopeptidase [60]. 

In another study, lauroyl (Lau) group was introduced to pGlu of TRH [61, 
62] (Fig. 6b). This highly lipid-soluble compound (with partition coefficient 
of 1.91 in n-octanol-buffer at pH 7.4, compared to 0.068 for TRH) was eval- 
uated for CNS and endocrine activities. The relative potency of Lau-TRH (at 
a small dose of 0.25 irg/mouse, i.v.) on shortening the pentobarbital-induced 
sleeping time was decreased merely by 19%, while its TSH-releasing activity 
decreased by 36% compared to that of TRH. Lau-TRH also was more stable in 
rat plasma than TRH [62]. As far as TRH-related CNS-therapy is concerned, it 
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R = Me, Et, iPr, Bu, Pent, n-Hex, n-Oct, 2-Me-Hex, c-Hex, Bz 

a b 



Figure 6. 

TRH prodrugs, a) N-alkyloxycarbonyl derivatization on the imidazole ring of His, b) lauroyl group 
placed on the pGlu residue. 



is very important to recognize that TRH is not only a neuropeptide but also 
an endocrine hormone. Therefore, several attempts have been made over the 
years to produce analogues or TRH-like peptides with limited or diminished 
endocrine activity and enhanced metabolic stability for potential CNS- appli- 
cation [ 47 ]. 

y-Glutamyl transpeptidase has also been implicated as an enzyme for drug 
release from potential prodrugs [34]. Dermorphin was used as a target com- 
pound and its N-y-glutamyl prodrug was prepared. Although the prodrug pro- 
duced a naloxone-reversible antinociception (based on tail-flick test in rats), 
it required an almost 10- times higher dose to produce only half of the 
antinociception of the parent peptide. 

NH 2 - or COOH-terminal Phe-extension was used for the 8-opioid active 
[D-Pen^, D-Pen^j enkephalin (DPDPE) and [D-Pen^, L-Cys^] enkephalin 
(DPLCE) to study its utility for CNS-targeting [63]. The NH 2 -terminal Phe 
extension only moderately changed the BBB permeability coefficient com- 
pared to DPDPE (to 57.94 ±2.78- 10“^ cm/min from 49.24 + 2.78- 10“^ cm/ 
min), while receptor-binding studies revealed no significant affinity to opi- 
oid receptors for Phe®-DPDPE. Inhibition of leucine aminopeptidase with 
bestatin in the serum increased the conversion time of Phe°-DPDPE from 6.8 
min to 92.2 min while inhibition of aminopeptidase M with amastatin in 
brain homogenate increased the conversion time of Phe°-DPDPE from 3.9 
min to over 450 min. Thus, the NH 2 -terminal Phe'^-extended opioid peptides 
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represented true DPDPE- and DPLCE-prodrugs activated by aminopepti- 
dase(s). However, other Phe°-opioid peptides did not produce prodrugs, 
because they manifested both binding affinities to the cognate receptor(s) 
and in vitro biological activities [64]. 

3.1 .2 Peptide prodrugs by simultaneous masking of multiple functional 
groups of the target peptide 

As the above examples have shown, prodrug design for the majority of pep- 
tides focuses only on the modification of a single functional group (e.g. N- 
terminal amino group) that may contribute to certain shortcomings (enzy- 
matic susceptibility on the unmasked terminal end, insufficient lipophilic- 
ity, etc.) for efficient CNS-targeting. Cyclic prodrugs of linear peptides have 
also been used to alter physicochemical properties to allow for penetration 
into biological membranes. Heterodetic peptide prodmgs can be obtained 
through "bridges" (ester, ether, disulfide, thioether, etc.) between the NH 2 - 
and COOH-termini (head-to tail cyclization gives homodetic peptide pro- 
drugs). An elegant design has been recently introduced by developing 
esterase sensitive acyloxyalkoxy [65], phenylpropionic acid [66], coumarinic 
acid [67] and substituted coumarinic [68-70] linkers to obtain cyclic prodrugs 
for Leu-enkephalin and DADLE (Fig. 7). The bioconversion to the target pep- 
tide occurred in two steps; the hydrolysis of the ester bond between the C- 
terminal and the linker catalyzed by esterases was followed by the chemical 
degradation of the intermediate amide to enkephalin by, e.g. a "trimethyl- 
lock" facilitated lactonization [71, 72]. The cyclic prodrugs of these opioid 
peptides were shown to have favorabie physicochemicai properties (e.g. 
increased lipophilicity and no charge) for membrane permeation and unique 
solution structures (|3-turns [63, 73]) that reduce their hydrogen bonding 
potential. They also had enhanced metabolic stability towards exo- and 
endopeptidases. In vitro stability studies revealed that some of the cyclic pro- 
drugs (acyloxyalkoxy- and oxymethyl-modified coumarinic acid-based pro- 
dmgs, specifically) had a propensity to undergo a more rapid bioconversion 
in rat plasma and liver than in the brain. In vitro cell-culture experiments also 
indicated that the BBB permeation of the prodmgs might be significantly 
restricted due to their substrate activities for the P-gp active-efflux system 
[74]. As a consequence, only a very small amount of DADLE (less than the 
amount after the administration of the unmodified DADLE) was found in the 
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Acyloxyalkoxy-based Phenylpropionic acid-based Coumarin-based 

Figure 7. 

Cyclic prodrugs of DADLE. 



brain of experimental animals 10 min after the i.v. injection of the prodrug 
at a dose of 1 mg/kg body weight. Nevertheless, fine-tuning the linker pro- 
moieties may be a promising approach to be considered for the improvement 
of the biopharmaceutical properties once P-gp substrate properties are 
addressed upon designing the cyclic prodrugs. 

A unique utilization of multiple chemical functionalization and specific 
enzymes such as NAD(P)H-dependent oxidoreductase [75], dipeptidyl dipep- 
tidases, proline oligopeptidase (POP) [76] or peptidyl glycine a-amidating 
monooxygenase (PAM) [77, 78] in the CNS-permeable prodrug design is the 
chemical delivery system approach (CDS) [33]. The CDS is a special prodrug 
that is capable of remarkable CNS-targeting, due to the "designed-in" reten- 
tion in the CNS, and has been applied to a wide variety of drugs [79]. The 
best-known element of the CDS strategy is a dihydropyridine moiety that 
enhances the lipid solubility of small molecules and is ubiquitously oxidized, 
analogously to the NAD(P)H coenzyme [75], to a membrane-impermeable, 
positively-charged pyridinium ion. Apparently, this oxidative process is 
responsible for the entrapment, after the CDS crosses the BBB, because the 
resultant pyridinium conjugates prevent drug/prodrug efflux by passive 
transport from the CNS. In the periphery the "oxidized" CDS is rapidly 
removed because pyridinium salts are easily eliminated from the body by the 
kidney or bile. Consequently, the concentration of the active drug is low in 
the periphery that, in turn, reduces systemic, dose-related toxicity and, thus, 
increases the therapeutic index. However, numerous issues (e.g. whether 
dihydropiridine-conjugates are substrates to any CNS-efflux system such as 
the P-gP) remain to be addressed by further studies. 
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For peptides, the simple CDS concept had to be modified, as shown in Fig- 
ure 8. In this regard, the pivotal element of the design is a Pro- (or Ala-) based 
linker (sometimes called "spacer") capped with the 1,4-dihydrotrigonelline 
on the NH 2 -terminus. Direct attachment of a dihydropyridine derivative to 
the NH 2 -terminus of the peptide to be delivered into the CNS would not be 
suitable for prodrug design, because of the chemical/enzymatic stability of 
the amide bond. However, the enzymatic release of the core peptide in the 
CNS can be accomplished by appropriate peptidic (e.g. Pro/ Ala-based) link- 
ers utilizing specific enzymes. Lipidization on the COOH-terminus is also 
desirable to provide sufficient lipid-solubility to the entire conjugate for dif- 
fusion through the BBB. 

After enzymatic oxidation of the dihydropyridine (to pyridinium) in the 
brain, a well-orchestrated sequential metabolism liberates the core peptide. 
The lipidizer on the COOH-terminal tail is hydrolyzed by esterases/lipases. 
The N-trigonellyl-linker moiety is then removed by dipeptidases (EC 3.4.14.2 
and/or EC 3.4.14.5) if a single amino acid is used or by POP (EC 3.4.21.26) 
when a dipeptidyl moiety (Xaa-Pro/Ala) is the linker/spacer (S). These 
enzymes have specific cleaving sites (primarily after Pro, but also after Ala) 
in a peptide sequence [80] (The N-trigonellyl residue is believed to mimic a 
basic amino acid). 

DALE and DADLE were the first peptides considered for the implementa- 
tion of this strategy (Fig. 8) [33, 81]. The C-terminal esterification was carried 
out either with cholesterol (Cho, for DALE and DADLE) or 1-adamanta- 
neethanol (Ada, for DADLE) in a customary manner (Scheme 2a). Because of 
the relative chemical instability of dihydropyridines (due to facile oxidation 
and pH-dependent degradation), synthetic procedures first aim at obtaining 
the corresponding pyridinium/trigonelline conjugate that can be easily 
reduced, e.g., with sodium dithionite [79] to the actual CDS. We also devel- 
oped segment-coupling methods [81] that proved to be superior to sequen- 
tial elongation for creating this type of pyridinium-peptide conjugates (Fig 
8). In vitro stability studies conducted on the CDSs and their predicted bio- 
transformation products in phosphate buffer, whole blood and 20% (w/w) 
brain homogenate showed that the CDSs were rapidly oxidized in tissue (ty 2 
around 2-3 min in blood and 35-40 min in brain homogenate, respectively) 
and the C-terminal lipidizer was removed within 15 min after administration. 
The sustained release of DADLE from the oxidized N-trigonellyl-linker- 
DADLE having free carboxyl end by dipeptidases was also unequivocally 
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Chemical Delivery System 
(CDS) 




S = Pro, Ala, Pro-Pro, Pro-Ala, etc. = adamantaneethyl (Ada), 

cholesteryl (Cho), etc. 



Figure 8. 

Adaptation of the chemical delivery system concept to peptides. 
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proven by electrospray ionization mass spectrometric analysis. Receptor 
binding studies further confirmed that this novel concept for CNS-targeting 
of peptides, indeed, showed characteristics of true prodrugs (opiod-receptor 
binding affinity expressed as IC50 was 6 |rM for the intact oxidized prodrug, 
200 nM after the removal of Cho and 36 nM for DADLE, respectively). The 
efficacy of CDSs to deliver the peptides to the CNS was assessed ultimately 
by measuring CNS-mediated analgesia (using the tail-flick paradigm) upon 
i.v. administration to rats. 

Table 2 shows that essentially no anticiception was observed with DALE 
embedded into the CDS-probably due to a fast metabolism (ti/2 around 30 
min in vitro) of the oxidized prodrug (N-Trigonellyl-Ala/Pro-DALE) to small 
non-opioid fragments. Thus, the bulky Cho group did not "disguise" the pep- 
tide against proteol3dic cleavages, it had only a "lipidizer" function. However, 
a significant and long-lasting analgesia was produced by DADLE delivered to 
the brain by this CNS-targeting method (Tab. 2). The analgesia was naloxone- 
reversihle hut methylnaloxonium-irreversible confirming that central opioid 
receptors were solely responsible for the mediation of this pharmacological 
response. The use of the bulkier Cho group and Pro spacer in the molecules 
showed a better efficacy than those of Ada and Ala. 

The peptide-CDS concept can be easily adopted for other peptides having 
amino- and carboxy-termini or side-chain functional groups (amino/imino 
and carboxyl/hydroxyl) that can provide synthetic handles for the function- 
alizations. However, peptides without these groups would seemingly defy a 
simple adaptation of the approach. A good example is TRH analogues in 
which the central His is replaced with a hydrophobic amino acid residue. 
[Leu^]TRH has been a model peptide for our efforts to develop CNS-targeting 
CDSs, because it exerts a 2.5-fold increase in CNS activity and shows decreased 
TSH-releasing properties compared to TRH [82]. Essentially, we recognized 
that posttranslational cleavage of a large precursor polyprotein having 123 
amino acid residues to produce TRH [83] involved PAM converting (in a two- 
step process proceeding through peptidyl-a-hydroxy-glycine) the COOH-ter- 
minal glycine residue of the Gln-His-Pro-Gly progenitor sequence to prolin- 
eamide. (To the analogy of this enzyme-catalyzed process, Bundgaard and co- 
workers employed hydroxyglycine extension of the COOH-terminus as a 
method to protect against a-chymotrypsin by using model peptides [84, 85]). 
Glutaminyl cyclase is responsile for the conversion of the NH2-terminal Gin 
to pGlu [86, 87]. Therefore, we envisioned that Gln-Leu-Pro-Gly-OH would 
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Table 2. 

Antinociception in male Sprague-Dawley rats after intravenous injection (4.2 (cmole/kg body weight) 
of CDS (Fig. 8) for Leu-enkephalin analogues with varying COOH-terminal lipophilic ester (L) and 
dihydrotrigonellyl-to-peptide linker residue or "spacer" (S) functions [33, 81]. 



Enkephalin 

analogue 


Lipophile 

(L) 


Spacer 

(S) 


% Anti- 
nociception 
(mean ± SD) 


Time to reach 
maximum 
effect (min) 


Duration 
of action 
(min) 


DALE 


Cho 


Ala 


minimal 


n/a 


transient 


DADLE 


Ada 


Ala 


31 ±23 


60 


60-90 


DADLE 


Ada 


Pro 


53 ±29 


15 


<120 


DADLE 


Cho 


Ala 


46 ±27 


60 


180-240 


DADLE 


Cho 


Pro 


51 ±28 


15-30 


>300 



be, after its targeting to brain, a suitable progenitor peptide for [Leu^]TRH. 
Since this precursor peptide possesses both NH 2 - and COOH-termini for con- 
venient chemical manipulations, we synthesized CDSs by the analogy of 
those of DADLE (Fig. 8). The N-l,4-dihydrotrigonelline was attached through 
a single amino-acid or dipeptide linker to NH 2 -terminal of the Gln-Leu-Pro- 
Gly progenitor sequence and Gly was esterified with Cho (Fig. 9) [88]. The 
variation in the spacer moiety (considering Pro and Ala as building blocks) was 
intended to reveal the influence of peptide release on the efficacy [89]. 

Because of the complexity of the molecular architecture and the process 
of bioactivations shown in Figure 9, we thoroughly investigated the cascade 
of "designed-in" enzymatic reactions responsible for the release of the core 
peptide by using the appropriate synthetic peptide conjugates as substrates. 
One of the critical steps is the amidation of the oxidized CDS in the brain by 
PAM. In vitro studies on trigonellyl-Ala-Gln-Leu-Pro-Gly showed that this 
process (with tj /2 25-40 min in vitro) was significant only in the brain. In 
blood and liver the primary degradation occurred by the removal of Gly 
resulting in a Pro-OH (non-amidated) COOH-terminus that could only pro- 
vide an inactive metabolite of the target peptide. The metabolism of trigonel- 
lyl-Ala-Gln-Leu-Pro-Gly was also slower in the liver than in the brain; thus, 
systemic formation of [Leu^jTRH was practically prevented. The peptidolytic 
cleavage to form Gln-Leu-Pro-NH 2 and subsequent rapid formation of 
[Leu^jTRH without significant side-reactions was also unequivocally detected 
upon incubation key intermediates (e.g. trigonellyl-Pro-Pro-Gln-Leu-Pro- 
NH 2 ) both by using a recombinant enzyme (POP) and in rat brain homo- 
genate. Finally, an in vivo evaluation (analeptic activity in mice) pointed out 
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1) Enzymatic 5) Glutaminyl 

Oxidation Cyclase 




Figure 9. 

Sequential metabolic regeneration of TRH from its CNS-permeable prodrug. 



the critical influence of the peptidase cleavage affecting the Ala/Pro-Gln 
bond on the observed pharmacological effect, in which CDSs with Pro in the 
spacer (also preferred by the enz 5 mies DP 11/lV and POP) outperformed those 
with Ala-containing moieties. This observation has highlighted the need for 
a careful design and/or combinatorial optimization in linking the promoiety 
to the peptide based on considering the substrate properties of the enzyme(s) 
targeted for the cleavage in vivo. 

Although it has not yet been studied for peptide CNS-targeting, an alter- 
native carrier to the dihydropyridine ^ pyridinium system to produce reten- 
tion in the CNS is noteworthy. Thiazolium precursors were applied for the 
brain-delivery of L-3,4-dihydroxyphenylalanine (DOPA), the precursor for 
the neurotransmitter dopamine [90]. The hypothesis behind this design is 
that disulfide containing moieties, such as thiamine disulfide attached via an 
ester bond to the carboxyl group of DOPA is bioreducible in the brain (oppo- 
site reaction to the dihydrop)Tidine ^ pyridinium system that represents oxi- 
dation) faster than the hydrolyzes of the ester bond, thus, drug release. 
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Figure 10. 

Prodrug-amenable peptide analogues of TRH. 



Among the prodrugs studied, 4-methylformylamino-3-(2-propyl)dithio-3- 
pentenyl-2-amino-3(3,4-dipivaloyloxyphenyl)propionate was found to 
deliver DOPA most efficiently to the brain at a dose of 25.4 pmole/kg body 
weight (i.v.) in rats with a peak concentration 15 min postadministration and 
producing 30- and 3.7-fold increase in the area-under-the-curve and mean 
residence time of DOPA, respectively, in the brain than DOPA itself. 

3.2 Prodrug-amenable peptide analogues 

Efforts to apply the prodrug strategy to CNS-targeting of peptides have also 
influenced the method to design CNS-active peptide analogues. Specific, pro- 
drug-amenable peptide analogues may be designed to facilitate transport 
across the BBB and/or retention in the CNS. For example, we have recently 
exploited the benefits of the CDS strategy in terms of distribution and phar- 
macokinetics/pharmacodynamics [91] by designing metabolically stable and 
exclusively CNS-active TRH analogues with the replacement of the peptide's 
[His^] residue with specific amino acid mimetics containing substituted pyri- 
dinium side-chains [92, 93] (Fig. 10). The most potent analogue in the series 
(n = 1) was shown to be TRH-equivalent but of a significantly longer duration 
of action than the parent peptide in antagonizing pentobarbital-induced nar- 
cosis, when administered i.v. in its prodrug form (dihydropyridine) into mice 
at a dose equimolar to that of TRH (Tab. 3). In rat plasma and brain homo- 
genate (20%, w/v), the prodrugs converted to the pyridinium analogues with 
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Table 3. 

Pharmacological comparison of the duration of analeptic action at equimolar dose (1 5 nmole/kg body 
weight, i.v.) of TRH and its pyridinium analogue administered as a dihydropiridine prodrug upon vary- 
ing the time (At) for pentobarbital post-administration (i.p., 60 mg/kg body weight) [92, 93], 



At (min) 


Sleeping time after TRH 
(min, average ± SEM)^ 


Sleeping time after 
pyridinium analogue*^ 
(min, average ± SEM)^ 


10 


24.1 ± 3.3 


19.4 ±2.1 


20 


37.5 ±5.4* 


13.9 ±1.7 


30 


27.0 ±4.0 


14.2 ±2.3 


60 


47.4 ±5.3* 


20.8 ±3.8 



^Asterisks indicate statistically significant differences (ANOVA followed by Dunnett's test, p < 0.05) 
compared to the experiment when cholinergic challenge was made 1 0 min after the injection of the 
prodrug for the TRH analogue. 

^Figure 1 0, n = 1 



half-lives around 20 min and 6 min, respectively. On the other hand, we 
determined ty 2 of 16 min in brain homogenate and 11 min in plasma for 
TRH, while the analogues were very stable in these tissues (less than 10% 
degradation in 2 h). The longer tj /2 of the prodrugs in plasma compared to 
tj /2 in brain was also beneficial to the CNS-sequestration of the analogues after 
systemic administration. The maximal change in acetylcholine (ACh) con- 
centration upon perfusion of the pyridinium-containing tripeptides into the 
hippocampus of rats was also achieved with analogue having the shortest 
side-chain (n = 1). No binding to the endocrine TRH-receptor was measured 
for these compounds; thus, the design afforded a novel lead for centrally act- 
ing TRH analogues. Besides TRH, a kyotorphin analogue with pyridinium 
side-chains and its prodrug have aiso been developed and evaluated [37]. 



4 Conclusions 

The main goal of medicinal chemistry involving CNS-active peptides is to 
transform a lead molecule into a pharmaceutically useful drug candidate. 
This usually prompts chemical modifications, including the consideration to 
design prodrugs. Prodrugs are inactive chemical derivatives of the target pep- 
tide drugs that must undergo in vivo activation(s) for reverting to the active 
agents. 

Peptide prodrug design usually aims at higher lipophilicity and improved 
metabolic stability enabling a better penetration and transport across the 
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BBB; however, the outcome of the prodrug approach is often unpredictable. 
Several criteria have to be fulfilled to create a useful, CNS-permeable prodrug 
for peptides. One of the most important features of the prodrug is the abil- 
ity to be converted quantitatively to the parent dmg in vivo. Simultaneously, 
the prodrug should not be substrate for any active transports present in the 
CNS that could prevent an otherwise robust accumulation of the 
prodmg/drug in the brain. Unfortunately, the increased lipophilicity of pro- 
drugs may not only enhance CNS-uptake, but also could burden non-target 
tissue. It is also desirable that prodrugs have reasonable half-lives in plasma 
and not to be rapidly metabolized or cleared by the periphery, and protein- 
bound. A critical issue in the design of prodrugs for CNS-active peptides is, 
therefore, the choice and precise placement of the cleavable moiety or moi- 
eties to obtain efficacious absorption, distribution, metabolism and an opti- 
mal pharmacokinetic/pharmacodynamic profile. It is also clear that no uni- 
fied method is possible for true CNS-targeting of all CNS-active peptides with 
potential clinical usefulness due to the complex structure of peptides/pro- 
teins and the intricate interplay among factors governing the entry and 
retention of these biomolecules in the CNS. Despite of advances in peptide 
pharmaceuticals, CNS-targeting of bioactive, stable and bioavailable peptide 
drugs has remained a very challenging task. Nevertheless, progress in this area 
has been steady and the continued exploration and development of the pro- 
drug strategy outlined in this chapter are clearly warranted. 
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Glossary of abbreviations 

Ab, antibody; ADCC, antibody dependent cellular cytotoxicity; APP, amyloid precursor protein; 
AUC; area under curve; BBB; blood-brain barrier; BDNF, brain derived neurotrophic factor; CNS, 
central nervous system; DTT; dithiothreitol; HIV, human immunodeficiency virus; mAb, mon- 
oclonal antibody; NGF, nerve growth factor; NHS, N-hydroxy-succinimido; NMDA, N-methyl- 
D-aspartate; PNA, peptide nucleic acids; PEG, polyethylene glycol; P-gp, P-glycoprotein; RES, retic- 
uloendothelial system; Tf, transferrin; TfR, anti-transferrin receptor; TNF, tumor necrosis factor; 
VIP, vasoactive intestinal peptide. 



1 Introduction 

The blood-brain barrier (BBB) is an insurmountable obstacle for a large num- 
ber of bioactives including antiviral drugs, antineoplastic agents and central 
nervous system (CNS) active compounds like neuropeptides. Despite the for- 
midable academic challenges of this problem, a great deal of research work 
has been conducted to explore possible role of molecular carrier complexes 
to improve transBBB transport of drugs. Recent advances in studies on BBB 
transport of xenobiotics vis-a-vis of nutrients and neuroactive agents have 
vividly transformed the classical concept of the BBB. This chapter critically 
covers physiologic based strategies, which employ pseudonutrients, cationic 
antibodies, chimeric peptides, recombinant protein(s) and peptides transport 
system for vectoring of impervious biomolecules across the BBB. 

2 Nutrient transport across the BBB 

Several transport systems for nutrients and endogenous biologicals exist in 
the brain capillary endothelial cells, which constitute the BBB [1, 2]. These 
transport systems include (1) the hexose transport system for glucose and 
mannose, (2) the neutral amino acid transport system for phenylalanine, 
leucine and other neutral amino acids, (3) the acidic amino acid transport 
system for glutamic acid and aspartic acid, (4) the basic amino acid transport 
system for lysine and arginine, (5) the p-amino acid transport system for p- 
alanine and taurine, (6) the monocarboxylic acid transport system for lactic 
acid and short-chain fatty acids, such as acetate and propionate, (7) the 
choline transport system for choline and thiamine, (8) the amino transport 
system for mepyramine, (9) the nucleoside transport system for purine bases 
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Figure 1 . 

Carrier-mediated and receptor-mediated uptake at the blood brain barrier. 



such as adenine and guanine excluding pyrimidine bases, and (10) the pep- 
tide transport system for small peptides such as vasopressin. 

Differences in the affinity and the maximal transport activity among these 
transport systems can be used selectively for the design of strategies to con- 
trol or retard the delivery of drugs into the brain. Different transport systems 
identified associated with the BBB are schematically shown in Figure 1. 

3 Antibodies for brain delivery 

3.1 Cationized antibodies 

Physiologically based strategies utilize intrinsic transport mechanisms that 
operate for transport of macromolecules across BBB. These transportation 
mechanisms include receptor-mediated transcytosis and absorptive transcy- 
tosis. The absorptive transc 3 dosis operates particularly in the case of cationic 
proteins. Cationic antibodies have exhibited higher affinity and receptor 
binding. Thus, cationization of antibodies could technically be a more real- 
istic and a more practically relevant approach for targeted dmg delivery to 
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the brain. Additionally, chemical modifications such as radiolabelling can 
influence the pharmacokinetics of cationized antibodies. The plasma mem- 
brane of brain endothelial cells, like other cell membranes, is negatively 
charged due to the anionic microdomains [3, 4]. This overall negatively 
charged surface on the luminal side of endothelium cells contributes to the 
barrier function. Ionic interactions between positively charged (cationic) 
proteins and negatively charged domains on cell membranes initiate absorp- 
tive mediated endocytosis. Polycationic proteins are known to penetrate the 
BBB using this mechanism [5]. Other proteins, i.e. horse radish peroxidase 
[6] and native albumin [7] have been conjugated to protamine for successful 
delivery to brain, where conjugated proteins permeate across BBB through 
absorptive mediated uptake by endothelial cells. 

3.2 Genetically engineered antibodies 

Antibodies exhibit multiple functions that make them key components of 
the mammalian humoral immune response and versatile therapeutic agents 
per se for a variety of applications. Advances in genetic engineering and cus- 
tomized protein expression systems have led to enormous progress in the 
development of immunoglobulins with defined novel functional properties. 
Recombinant technology can also be utilized for immunogenicity masking 
or alleviation. Recently, antibodies have been generated with novel proper- 
ties such as dual binding specificities (bifunctional antibodies), i.e. combin- 
ing antigen recognition site (domain) with molecules such as toxins or 
growth factors (antibody fusion proteins). However, all the recombinant 
antibodies must be evaluated for their specificity and affinity. Taken together, 
the accessibility to target antigen, effector functions and clearance determine 
the ultimate usefulness of recombinant antibodies. Moreover, safety, which 
depends in part on the host reaction to the foreign protein, its pharmaceuti- 
cal composition, cross-reactivity with non-target antigens as well as uptake 
by inappropriate tissues may become the ultimate decisive consideration in 
the development of recombinant protein(s). 

3.3 Chimeric and humanized antibodies 

With the advent of hybridoma technology it is now possible to produce anti- 
bodies with defined specificity. However, monoclonal antibodies (mAbs) pro- 
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duced in rodents have shown immunogenicity and also they are rapidly 
cleared from blood circulation. To circumvent this limitation protein engi- 
neering has been judiciously employed to clone up murine mAbs as 
mouse/human chimeric antibodies either by grafting the antigen binding 
sites of rodent antibodies onto the variable framework regions of human anti- 
bodies [8, 9] or by joining human constant region domains to murine vari- 
able region domains [10, 11]. 

Chimeric antibodies are produced with predetermined combinations of 
light and heavy chain variable and constant region genes. These antibodies 
are amenable to isotype switching, domain substitution and mutagenesis. 
Chimeric antibodies are invaluable tools for the study of key Ab effector func- 
tions such as Fc receptor binding, Ab dependent cellular cytotoxicity (ADCC) 
and complement activation, which vary considerably among IgM, IgA and 
the four IgG isot 5 ^es [12, 13]. ADCC is an important in vivo operative mech- 
anism through which a biosystem eliminates cellular targets such as tumor 
cells. 

3.4 Antibodies with novel effector functions 

The specificity of an Ab to an antigen endows them with a multitude of clin- 
ical application potentials. Modern techniques are available for producing 
functional Ab fragments. It is also possible to join Ab-binding specificities to 
a non-Ab effector sequence(s). 

mAbs with catalytic properties that resemble enzymes were first produced 
in 1986 [14, 15]. Generation of antibodies capable of amide bond hydrolysis 
[16] have open up a new vista of abzymes and also generated an optimism 
per se that antibodies, which catalyzed therapeutically important reactions 
such as peptide hydrolysis could be successfully produced. 

The combination of functions are well examplified by catalytic antibod- 
ies, i.e. abzyme, bifunctional with site specificity and effector functionality, 
adhesion immunoglobulins and non-immunoglobulin sequences substituted 
antibodies [16, 17]. The Ab combining specificity can be used to provide spe- 
cific delivery of an associated biological activity. Joining tumor necrosis fac- 
tor (TNF) to an anti-transferrin receptor (TfR) Ab [18] resulted in a fusion pro- 
tein with TNF cytotoxic activity towards cell lines with the TfR. Such systems 
could be implicated as cytotoxic biomolecular complexes for their delivery 
to hrain tumor. 
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3.5 Antibodies and fusion proteins for brain targeting 

Brain delivery has always been a challenging task due to poor transport of 
water soluble drugs through the brain capillary endothelial wall, which con- 
stitutes the BBB. Brain capillary endothelial tight junctions impose a stern 
barrier against uptake of circulating solutes [19]. As previously described, in 
order to obtain required nutrients and factors from the blood, the BBB pos- 
sesses some specific receptors, which transport compounds from circulating 
blood pool to the brain. Studies indicated that some compounds like insulin 
[20], transferrin [21] and insulin like growth factors 1 and 2 [22, 23] traverse 
the BBB via receptor-mediated transcytosis. Receptors for these molecules 
thus provide potential means to an access to the brain (Fig. 2). 

Receptor specific antibodies offer an alternative stratagem for brain tar- 
geting. Immunoglobulins, as such, are excluded from the brain [24], however 
an Ah to the transferrin receptor (OX-26) has been shown to be dynamically 
transported into the brain parenchyma and therapeutically effective as a drug 
delivery vehicle [25]. OX-26 Ah has demonstrated an effective vehicle for the 
delivery of nerve growth factor (NGF) that otherwise fact to permeate BBB in 
therapeutically effective quantity [26]. 

4 Vector-mediated drug delivery 

Vector-mediated drug delivery to the brain is essentially based on chimeric 
peptide technology, wherein transportable vectors such as cationized albu- 
min or a receptor-specific mAh is conjugated to a therapeutic compound that 
under normal state of bioconditions is not transported through the BBB. The 
conjugation of drugs to transport vectors is facilitated by the use of avidin- 
biotin technology. Multiple classes of therapeutics have been delivered to the 
brain using chimeric peptide carriers, including peptide-based pharmaceuti- 
cals such as a vasoactive intestinal peptide or neurotrophins such as brain- 
derived neurotrophic factor, antisense therapeutics including peptide nucleic 
acid and small molecules incorporated within liposomes (Fig. 3). 

4.1 Chimeric peptide model 

Brain capillary endothelium possesses peptide receptors that physiologically 
mediate peptide transport through the BBB. This constitutes the platform for 
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Figure 2. 

Transport of molecules into the brain using the growth factor fusion proteins with antibody. 



the chimeric peptide hypothesis, where drug delivery to the brain may be 
attained by the linking of drugs to a peptide or protein vector, which could 
traverse across the BBB into brain from blood by absorptive or receptor medi- 
ated transcytosis. The chimeric peptide system traverses the BBB involving 
four distinctive steps (Fig. 4). 

The first step is receptor mediated endocytosis of the chimeric peptide at 
the luminal surface of BBB followed by endosomal movement across the 300 
nm of endothelial space. The second step is exoc 5 dosis into brain interstitial 
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Figure 3 

Versatility of chimeric peptide technology, based carriers for delivery of therapeutics, nucleic acids and 
small molecules. 




Figure 4. 

Sequential steps for delivery of chimeric peptides through the blood-brain barrier. 
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Figure 5. 

Brain drug delivery using chimeric peptide technology involves three interdependent spheres: the vec- 
tor sphere, the linker sphere and the drug sphere. 



fluid. This is followed by cleavage of the disulfide bond liberating the thera- 
peutic compound from the vector. The fourth and last step is binding of the 
therapeutic peptide to its receptors. The chimeric peptide technology is com- 
prised of three inter-dependent spheres: the vector sphere, the linker sphere 
and the drug sphere (Fig. 5). Vector specificity for brain, vector pharmacoki- 
netics, high yield coupling between vector and drug, cleavability of linker 
and intrinsic receptor affinity for drug following release from the transport 
vector are some important considerations, for efficient chimeric peptide 
design. 

Efforts must be made to explore or design and develop some more effi- 
cient BBB transport vectors. There is also a need to develop more efficient 
linker strategies that could result in to high yield coupling of drug to thera- 
peutic vector. Furthermore, additional attention must be concentrated on 
drug development sphere, wherein bioactivities could be monobiotinylated 
at the sites that are not critical to receptor binding. 
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4.2 Vector discovery 

4.2.1 Cationized albumin 

Cationized BSA cannot be used in humans since the cationization of het- 
erologous proteins results in a marked increase in immunogenicity [27]. 
Enhanced uptake of cationized protein by antigen presenting cells accounts 
for increased immunogenicity of a cationized heterologous protein. However, 
studies suggested that cationized homologous proteins have minimal intrin- 
sic immunogenicity and exhibit no toxic effects on continuous administra- 
tion even up to eight weeks [28]. 



4.2.2 Protamine 

Protamine is a cationic protein rich in arginine (50%) and is produced in high 
concentrations in spermatozoa [29]. High concentration, of arterial prota- 
mine causes biochemical blood-brain barrier disruption [30, 31]. Protamine 
has a dual effect on vascular permeability (Fig. 6). First, it causes a general- 
ized increase in vascular permeability, particularly following carotid artery 
infusion in the absence of plasma proteins. This generalized increase in BBB 
permeability may enhance the transport of low molecular weight solutes like 
sucrose. Second, following intravenous administration, when it circulates in 
the presence of plasma proteins, a vectorial transfer of protamine-protein 
complexes takes place across the microvascular beds of brain. 

The vectorial transfer of protamine-protein complexes is a result of the 
amphiphilic properties of protamine, i.e. the ability to bind both proteins like 
albumin or globulin on one end and negatively charged capillary endothe- 
lium surface on the other. This dual binding may subsequently trigger the 
absorptive transcytosis of the protamine protein complex. 



4.2.3 Recombinant CD4 

CD4 receptors are expressed on T4 lymphoc 3 des, which have strong affinity 
for gpl20 surface protein of the HIV [32]. Recombinant CD4, however lacks 
the transmembrane region hence it was initially proposed as circulatory 
receptor for sequestration of gpl20 [33]. Since HIV may also harbor in the 
brain, localized delivery of antiviral therapeutics is required for effective 
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Figure 6. 

Effect of protamine on vascular permeability. 



treatment. Recombinant CD4 protein has been investigated for brain target- 
ing of anti-AIDS drugs. Recombinant CD4 is essentially a cationic protein. It 
was therefore, anticipated that CD4 protein uptake by brain capillaries may 
be competitively inhibited by protamine. Other cationic proteins like cation- 
ized BSA or histone exhibit saturable binding to brain capillaries endothe- 
lium, however it is inhibited by protamine [34]. In contrast the brain capil- 
lary uptake of recombinant CD4 is not inhibited by protamine even at its 
blood level of 25 p.g/ml [35]. This unexpected effect may be ascribed to the 
dual actions of protamine, whereby it inhibits CD4 binding to brain capil- 
laries and simultaneously mediates the uptake of recombinant CD4 through 
the protamine/CD4 complexes (Fig. 7). 

4.2.4 Anti-transferrin receptor antibody 

It is well documented that the brain microvasculature possesses numerous 
transferrin receptors and these receptors functionally mediate the tran- 
scytosis of transferrin across the BBB [36]. 5tudies revealed that receptor 
mediated transcytosis of transferrin through the BBB is a saturable phe- 
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Figure 7. 

CD4 protein transport across capillary epithelium and possible role of protamine. 



nomenon that proceeds at rates virtually identical to the transcytosis of the 
0X26 Ah [37]. The 0X26 Ah is a murine mAh produced against rat trans- 
ferrin receptor. It binds to an extracellular projecting epitope on the recep- 
tor located distantly away from the binding site of transferrin. The 0X26 
Ab selectively binds to microvascular endothelium in brain and undergoes 
receptor-mediated transcytosis through the BBB [38, 39]. The OX26-medi- 
ated delivery to brain of biotinylated drugs is possible by preadministra- 
tion of conjugates of 0X26 and neutral avidin [40]. It has been observed 
that OX26/NLA (Abmeutral avidin) conjugate crosses the BBB more effi- 
ciently compared to cHSA/NLA (cationic human serum albuminmeutral 
avidin) conjugate [41]. 

Studies have demonstrated that transferrin (Tf)-Ab fusion proteins possess 
TfR binding ability and can specifically be targeted to the brain through the 
TfR expressed in abundance on the BBB [42]. An important characteristic of 
the Tf Ab fusion proteins is that they retain their ability to bind antigen and 
can potentially be utilized either for secondary targeting within the brain or 
for non-covalent attachment and subsequent delivery of a therapeutic mol- 
ecule, through their combining site. Depending on the Ab constructs, the Tf 
Ab fusion proteins can be targeted with or without associated effector func- 
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tions. These proteins offer a potentially useful family of diagnostics and ther- 
apeutic reagents for sites rich in TfRs such as the brain. 



4.2.5 Anti-insulin receptor antibody 

Insulin receptors are present on brain capillary endothelium that mediate the 
transcytosis of circulating insulin and anti-insulin receptor mAbs across the 
BBB. Two different murine mAbs to the human insulin receptor have been 
produced and designated as mAb83-7 and mAb83-14 [43, 44]. It has been 
observed that mAb83-7 binds through an epitope within the amino acid 
region between 191-297 of the a-subunit and mAb83-14 binds an epitope 
within the amino acid region between 469-592 of the a-subunit of the 
human insulin receptor [44]. mAb83-14 selectively binds to the human brain 
microvessel to a much higher extent compared to mAb83-7 and approxi- 
mately 70% of the former gets endocytosed. The avid binding of mAb83-14 
to human brain capillaries is due to very high affinity of this binding inter- 
action [45]. In order to establish transcjdosis of mAb83-14 Ab across the BBB 
in vivo experimentation is mandatory. Studies have shown that the brain 
delivery of mAb83-14 in the Rhesus monkey is approximately eight fold 
higher than the brain delivery of 0X26 antibodies in rat. 



4.3 Linker development 

4.3.1 Chemical cross-linking 

Chemical cross-linking based methods could be used for conjugation of ther- 
apeutic compounds such as p-endorphin analogues to model vectors like 
cationized BSA [46]. There are numerous cross-linking reagents avaiiable spe- 
cific to surface associated amino, carboxyl or thiol groups. However, con- 
ventional chemical cross-linking methods suffer from inherent limitation of 
low yield of the cross-linking reaction. The yield obtained was only 10-15%, 
where a P-endorphin analogue was chemically conjugated to cationized BSA 
[46]. However, to further increase the yield and binding efficiency avidin- 
biotin technology was used [47]. Chemical cross-linking is generally 
employed to synthesize a vector/avidin conjugate followed by its coupling 
to the monobiotinylated ligands. Surface carboxyl or amino groups of ligands 
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Figure 8. 

Conjugation of monoclonal antibody and avidin via a thiol-ether linkage. 



can be monobiotinylated using biotin analogues with a cleavable (e.g. disul- 
fide) or non-cleavable (e.g. amide) linkage. 



4.3.2 Avidin-biotin technology 

Avidin is a homotetramer with monomeric units each having 120 amino 
acids. The entire tetramer is approximately 64 kDa [48]. Avidin is an avian 
cationic protein with an isoelectric point (pi) of 10. It is an extremely stable 
protein. It is not denatured by extreme pH or high concentrations of deter- 
gent. Avidin binds biotin with extremely high affinity with a kp of approxi- 
mately 10"i^ M with a dissociation half-time of approximately 89 days [49]. 
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Streptavidin is a bacterial homolog of avidin, which is non-glycosylated and 
is slightly acidic with a pi of 5-6 and possesses an amino acid homology with 
avidin to an extent of 38% [50]. Conjugation of avidin with mAh is schemat- 
ically shown in Figure 8. The use of avidin-biotin interaction in drug deliv- 
ery involves the single administration of a complex of vector/avidin fusion 
protein conjugated to a monobiotinylated therapeutic agent. The therapeu- 
tic agent must be monobiotinylated since high degree of biotinylation ren- 
ders the high molecular weight aggregation susceptible to reticuloendothe- 
lial system sequestration and subsequent clearance. 

Besides, avidin or neutral avidin Ab/avidin fusion proteins can be pro- 
duced using genetic engineering, wherein the Fc portion of the IgG heavy 
chain is replaced with an avidin dimer. The use of Ab/avidin fusion proteins 
in humans must consider the potential antigenicity of the conjugate. How- 
ever, the antigenicity of the mAb may be tailored through humanization of 
the murine Ab or with the use of fully human Ab [51]. 

5 Bioactive peptides 

5.1 Vasoactive intestinal peptide (VIP) 

Vasoactive intestinal peptide (VIP) is known to be a potent cerebrovasodi- 
alator after topical application to intracranial blood vessels [52], however 
after administration of VIP via the carotid artery, very low cerebrovasodi- 
alatation was produced [53]. This may be due to lack of BBB permeability of 
VIP after systemic administration. VIP transport across the BBB can be 
increased by using chimeric peptide technology. For BBB permeation 
enhancement a VIP analogue (VlPa) was designed for monobiotinylation 
which retained intrinsic biologic activity following its conjugation to the 
0X26/ AV vector [54]. The 0X26 transferrin receptor mAb (TfRMAb) is con- 
jugated to avidin via a stable thiol-ether linkage. The conjugate is further con- 
jugated to a biotin moiety attached to the VIP analogue via a disulfide bond 
(Fig. 9). It has been observed that an epitope on the transferrin receptor (TfR) 
binds the entire complex, which subsequently proceeds through BBB tran- 
scytosis of the biotinylated VlPa. Two criteria must be fulfilled during biotiny- 
lation of the VIP, monobiotinylation and retention of biologic activity after 
cleavage of the disulfide linkage. Studies revealed that when bioVlPa- 
avidin/OX26 was infused at a dose of 12 ^g/kg peptide a 65% increase in 
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Figure 9. 

Delivery of biotinylated-SS-va$oactive intestinal peptide analogue (VIPa) across the BBB through avidin 
transferrin receptor monoclonal antibody conjugate (mAb). 



hemispheric hrain hlood flow was measured [54]. This increase in cerebral 
blood flow caused by the VIP analogue coupled to BBB delivery vector is 
attributed to release of the VIP analogue to vascular smooth muscle cells 
located in brain. It is well established that these smooth muscle cells are richly 
innervated with VIP nerve endings [55], as VIP is a major cortical vasodila- 
tor [56]. VIP alone could not increase cerebral blood flow, which is in accor- 
dance with other studies showing that in the absence of a specific brain drug 
delivery system VIP is not significantly transported across the BBB. 

5.2 [D-Arg2, Lys"*] dermorphin analogue (DALDA) 

DALDA is a ji-opioid peptide receptor agonist. DALDA was biotinylated at the 
Lys"* position with N-hydroxy-succinimide (NHS)-SS-biotin and the so 
formed bioDALDA was treated with dithiothreitol (DTT) to produce desbio- 
DALDA, which contains a mercaptopropionate group at Lys^ position [57]. 
Studies conducted to establish the affinity of molecules to receptors showed 
that the affinity of the desbioDALDA to the p-receptor was comparable to that 
of DALDA. A significant loss in affinity for the p-receptor was recorded, when 
bioDALDA was conjugated to avidin without cleavage of the disulfide bond 
[57]. 
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Figure 1 0. 

Reaction involved in biotinylation and cleavage of K7DA. 



5.3 [Lys^ dermorphin analogue (K7DA) 

K7DA is a p-opioid peptide receptor specific analogue with structural features 
similar to DALDA, however it has an approximately 4-fold higher affinity for 
the p-opioid peptide receptor as compared to DALDA [58]. K7DA was biotiny- 
lated with both NHS-SS-biotin to form bio-SS-K7DA and was biotinylated 
with biotin-XX-NHS to form bio-XX-K7DA, where XX represents bis-amino 
hexanoyl spacer arm and NHS, N-hydroxysuccinimide. The bio-SS-K7DA 
was cleaved using DTT to produce desbioK7DA (Fig. 10). Studies suggested 
that K7DA, like DALDA could be biotinylated and cleaved with DTT whilst 
it still retains p-opioid receptor affinity. Studies also indicated that although 
bio-XX-K7DA retains high affinity for the p-opioid receptor but this affinity 
is abolished once bio-XX-K7DA is linked to NLA-OX26 vector [58] suggest- 
ing that in case of K7DA a cleavable or disulfide linker is essential rather than 
a non-cleavable or amide linker. 

5.4 Brain derived neurotrophic factor (BDNF) 

BDNF is a neurotrophin, and is a member of nerve growth factor (NGF) fam- 
ily. Other members of this family include NGF, neurotrophin-3 and neu- 
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Table 1. 

Pharmacokinetic problems that limit brain drug delivery 



Pharmacokinetic problem 


Example 


Solution of problem 


Rapid plasma clearance of vector 
Rapid plasma clearance of 


Histone 


Use different vector 


avidin/vector conjugate 


OX26/AV 


Use neutral avidin 


Rapid plasma clearance of neurotrophin 


BDNF 


PEGylation 


Rapid peptidase inactivation of peptide 


Endorphin/amino- 
peptidase M 


[D-Ala^] substitution 



rotrophin AH. In vivo studies confirm the avid binding of BDNF to the brain 
capillaries inner wall, but indicate that there is no measurable transport of 
the neurotrophin the brain [59, 60]. It has been demonstrated that simply 
conjugating drugs to BBB specific vectors, without optimizing plasma phar- 
macokinetics, may reduce the ultimate delivery of the neurotrophin to brain. 
Neurotrophin BBB permeability surface area product increases by its conju- 
gation to a transport vector, whereas plasma area under curve (AUC) can be 
enhanced particularly using polyethylene glycol (PEG) conjugation (Tab. 1). 

6 Antisense drug delivery 

Antisense drugs are potential therapeutics used in the treatment of cancer, 
viral infection and other disorders of brain and peripheral tissues. However, 
the in vivo efficacy of these oligomers is limited due to serum and cellular 
nuclease-mediated degradation and minimal transcapillary transport or cel- 
lular uptake. Antisense oligodeoxynucleotides (ODN) are molecules with 
high degrees of specificity, since these molecules react in a sequence specific 
mechanism with target messenger RNA (mRNA) molecules in the cell C 3 dosol. 
Phosphodiester antisense oligodeox)mucleotides (PO-ODNs) were the first 
generation antisense ODNs with dual sites of action; RNA degradation via 
activation of RNase and arrest of RNA translation by formation of DNA-RNA 
duplexes. PO-ODNs, however, are non-effective pharmaceuticals in vivo 
because these molecules are rapidly degraded by nucleases. The second gen- 
eration ODNs constitute phosphothioate PS-ODNs with an advantage of 
nuclease resistance. However, PS-ODNs turned out to be inhibitors of RNase 
H [61] and are bound to multiple cellular proteins. These antisense molecules 
produce some serious side effects, even leading to death [62]. 
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Figure 1 1 . 

Oligodeoxynucleotide transport through the BBB. 



A series of studies has examined the extent to which antisense ODNs may 
be transported through the BBB through vector mediated drug delivery sys- 
tems (Fig. 11). Colloidal delivery systems such as liposomes and nanoparti- 
cles are not effective as these are mainly taken up by cells lining the reticulo- 
endothelial system. Surface modifications of colloidal carriers, such as 
anchoring of PEG and Ah attachment, enable them to transport antisense 
oligodeoxynucleotide across the BBB. Biotinylated antisense ODN can be effi- 
ciently delivered to the liver and kidney by simply conjugating to avidin. 
Although biotinylation of the 3'-terminus of phosphodiester ODN has been 
shown to protect the oligomer completely against serum and cellular nucle- 
ases. Similarly, conjugation to the delivery vector cationic human serum 
albumin-avidin, markedly increases the uptake (84-fold) in peripheral blood 
lymphocytes. 
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Figure 12 

Vector-mediated delivery of a peptide nucleic acid through the BBB by biotinylation of the PNA via a 
disulfide bridge and conjugation to a complex of the 0X26 monoclonal antibody and streptavidin. 



7 Peptide nucleic acids (PNAs) 

PNAs are molecules with antisense and antigene properties with a polypep- 
tide backbone [63]. Studies revealed that both phosphodiester (PO) 
oligodeoxy-nucleotides (ODN) and phosphorothioate (PS)-ODN have unde- 
sirable pharmacokinetics [64], However, it has been observed that biotiny- 
lated PNAs may be effectively conjugated to the OX26/SA vector and this 
allows for significant brain delivery of PNS [65]. 

Studies demonstrated that in the absence of a transcellular delivery system, 
the transport of PNA through the BBB is almost negligible. This finding sub- 
stantiates the results of other experiments showing that PNAs do not possess 
biologic effects on cells unless they are actually directly injected into the cell 
cytoplasm [66]. However, it has been established that biotinylated PNAs may 
be delivered to brain by coupling these antisense or antigen compounds to vec- 
tor based delivery systems that are transported through the BBB [65] (Fig. 12). 

7.1 Diagnosis of Alzheimer's disease 

Diagnosis of Aizheimer's disease has always been difficult due to the lack of 
a means to visualize and target p-amyloid plaques in the brains of affected 
patients. No method is available for detecting amyloid plaques in living sub- 
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jects. However, many methods are available for detection by staining post- 
mortem brain tissue. Anti-p-amyloid antibodies have been proposed as a 
highly specific probe to monitor amyloid plaque formation in living patients 
[67]. Studies showed that intranasal administration of a filamentous phage 
as a delivery vector of anti-p-amyloid Ab fragment into Alzheimer's amyloid 
precursor protein (APP) transgenic mice enables in vivo targeting of p-amy- 
loid plaques. Thioflavin-S and fluorescent-labeled antiphage antibodies were 
used for visualization of plaques in the olfactory bulb and the hippocampus 
region. The genetically engineered filamentous bacteriophages offer advan- 
tage, over other mammalian vectors by being efficient and non-toxic deliv- 
ery vectors to the brain. This diagnostic procedure for detection of 
Alzheimer's disease provides a useful diagnostic tool for imaging Ap deposits 
in living patients. 

Another strategy for amyloid imaging utilized monobiotinylated ^^^1- 
Abl-40 conjugated to a BBB drug delivery system comprised of 83-14 mAb to 
the human insulin receptor, which is tagged with streptavidin [68]. This study 
described a methodology for BBB drug delivery and brain targeting of pep- 
tide radiopharmaceuticals for imaging amyloid or other disorders. Different 
physiological approaches for CNS delivery of drugs and bioactives are enlisted 
in Table 2. 



8 Colloidal carrier systems for brain drug delivery 

8.1 Liposomes 

Several studies confirm that liposomes, even small unilamellar vesicles do not 
undergo transport through the BBB [72, 73]. Liposomal delivery across the 
BBB is only possible after suitable makeup of the liposomal surface so that 
the liposomes can bypass the reticuloendothelial system (RES) and remain 
intact. As shown in Table 3 various strategies have been devised for brain 
delivery, however almost every strategy involves an approximate 1:1 stoi- 
chiometry of vector to drug. The carrying capacity of vector could be greatly 
improved if the drug is entrapped in liposomes that are further linked to the 
BBB transport vector. Liposomes are rapidly removed after intravenous injec- 
tion by the RES cells. Both RES bypass and BBB uptake can be addressed by 
PEGylation and utilizing chimeric peptide technology [74]. In this strategy, 
a novel bifunctional PEG2000 derivative that contains a maleimide at one 
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Table 2. 

Summary of various physiological approaches for brain targeting. 



S. No. 


Bioactive 


Remarks 


Refs. 


Vector mediated delivery 






1 


VIP 


Significant increase in transport across the BBB 


[53, 54] 


2 


DALDA 


Retains biological activity after disulfide bond 
cleavage, used for designing monobiotinylation 
strategies 


[57] 


3 


K7DA 


For biological activity of antibody conjugate 
cleavable linker is required 


[58] 


4 


BDNF 


Increase in BBB transport 


[60] 


5 


PNA 


Biotinylated PNA may be transported across the BBB [65] 


6 


Anti-p amyloid antibodies 


Diagnosis of Alzheimer's disease 


[67] 


7 


Peptidal radio- 


Imaging of amyloid for Alzheimer's disease 


[68] 




pharmaceuticals 


detection 




8 


Radiolabeled EGF, PNA 


Imaging of brain tumors 


[69, 70] 


9 


Genes encoding luci- 


Widespread gene expression in the blood 


[71] 




ferase or p-galactosidase 


achieved 




Colloidal carrier systems 
Liposomes 






10 


Daunomycin 


PEGylated immunoliposomes are capable of 
receptor mediated transport through the BBB 


[74] 


11 


P-galactoside 


Successful internalization through the BBB 


[75] 


Nanoparticles 






12 


Dalargin, kytorphin, 


Polysorbate coated nanoparticles mimic LDL 


[77-81] 




loperamide, tubocurarine. 


particles, thereby interact with LDL receptors 






MRZ 2/576, doxorubicin 


leading to uptake by endothelial cells and release 
of drug into the brain interior 





end, for attachment to a thiolated mAh and a distearoyl phosphatidyl 
ethanolamine moiety at the other end for incorporation into the liposome 
surface was used to constmct the PEGylated immunoliposomes for the deliv- 
ery of daunomycin (Fig. 13). The combined use of PEGylation technology, 
liposome technology and chimeric peptide technology results in the devel- 
opment of PEGylated immunoliposomes that are capable of receptor medi- 
ated transport through the BBB. In fact a single 100 nm liposome can entrap 
more than 10,000 small molecules of drug, the use of liposome technology 
could in combination with chimeric peptide technology exponentially 
increase the carrying capacity of the BBB transport vector. This made it pos- 
sible to administer relatively large systemic doses of drug without signifi- 
cantly increasing the mAb transport vector. 
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Table 3. 

Various strategies used for linking drugs to transport vectors. 



Class 


Target AA 


Agent 


Linkage 


Cleavability 


Chemical 


Lys 


MBS 


Thio-ether (-S-) 


No 


Lys 


Traut's 








Lys 


SPDP 


Disulfide (-SS-) 


Yes 




Lys 


Traut's 








Avidin-biotin 


Lys 


NHS-SS-biotin 


Disulfide 


Yes 


Lys 


NHS-XX-biotin 


Amide 


No 




Lys 


NHS-PEG-biotin 


Extended amide 


No 




Asp, Glu 


Hz-PEG-biotin 


Extended hydrazide No 




Genetic 


Fusion gene elements 






engineering 












Recombinant protein, 




No 




recombinant vector 








Recombinant vector. 




Flexible 




recombinant avidin 









A novel formulation of an exogenous plasmid DNA has been reported 
[75, 76], wherein either a p-galactosidase or a luciferase expression plasmid, 
driven by the SV40 promoter, is incorporated in the interior of neutral lipo- 
somes that are PEGylated with PEG2000. Approximately 40 of the PEG 
strands per liposome are tethered to the antitransferrin receptor 0X26 
murine mAh. It has been observed that 0X26 mAh or transferrin undergoes 
receptor-mediated transcytosis through the BBB. This property of a pep- 
tidomimetic mAh, such as 0X26 enables brain targeting of the PEGylated 
immunoliposomes by attachment to the TfR and subsequently internaliza- 
tion through the BBB. 

8.2 Nanoparticles for brain delivery 

Apart from engineered liposomes, nanoparticles also hold promise as deliv- 
ery vehicles to transport essential drugs across the BBB that normally fail to 
cross this barrier. Drugs that have been successfully transported into the brain 
using nanoparticles include hexapeptide dalargin, dipeptide kytorphin, lop- 
eramide, tubocurarine, N-methyl-D-aspartate (NMDA) receptor antagonist 
MRZ 2/576 and doxorubicin [77-81]. Nanoparticles may be especially help- 
ful for the treatment of disseminated and very aggressive brain tumors. The 
mechanism of nanoparticle mediated transport of drugs across the BBB is at 
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Figure 1 3. 

PEGylated immunoliposome. 



present not fully elucidated, however several possible mechanisms have been 
proposed. They are: 

1 . Higher concentration gradient of drug in the brain blood capillary due to 
an increase in retention of nanoparticles that would in turn enhance the 
transport across the endothelial cells ultimately leading to brain delivery. 

2. A generalized membrane permeability enhancement of endothelial cell 
membrane or permeability enhancement of endothelial cell membrane 
caused by surfactant action. 

3. An opening of tight junctions between the endothelial cells caused by 
nanoparticles. This would increase the delivery of free drug through the 
tight junction vis-a-vis higher drug payload on nanoparticles via stable 
binding. 

4. Endocytosis of nanoparticles by endothelial cells followed by the subse- 
quent intracellular release of drug. 

5. Transcytosis of nanoparticles along with drug across the BBB. 

6. Inhibition of efflux mechanism especially P-glycoprotein caused by 
polysorbate 80 used as a coating agent. 

Nanoparticle mediated drug transport to the brain is mainly dependent on 
the coating of the particies with polysorbates, especialiy polysorbate 80. This 
surface active agent plays a pivotal role as an anchor for apolipoprotein E 
(apoE) or other substances following injection into the blood stream. The par- 
ticles then probably mimic low density lipoprotein (LDL) particles and inter- 
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act with the LDL receptor leading to their uptake by the endothelial cells. This 
may lead to release of drug in these cells and diffusion into the brain interior 
along with transcytosis of the particles. Other processes like tight junction 
modulation or P-glycoprotein (P-gp) inhibition also may contribute 
enhanced permeation of BBB. Furthermore, these mechanisms may run in 
parallel or could work in combination. 

9 Conclusion 

Physiological based strategies do not bypass or alter the BBB but make use of 
biocellular uptake mechanisms. These strategies emanated from an under- 
standing of the anatomy and physiology based strategies including 
pseudonutrients, cationic antibodies and chimeric peptides. Pseudonutrients 
are polar micromolecular drugs that have a molecular structure mimicking a 
nutrient that normally permeate following carrier-mediated transport 
through the BBB. Cationic antibodies follow absorptive-mediated transcyto- 
sis through the BBB owing to their positive charge. The most versatile and 
successful approach for brain drug delivery is chimeric peptide technology, 
which involves a simultaneous progress in three interdependent spheres: the 
vector sphere, the linker sphere and the drug sphere. In addition to vector 
mediated transport, engineered colloidal carrier systems viz., surface modi- 
fied liposomes and nanoparticles have also been investigated for brain deliv- 
ery of a plethora of bioactives. In essence, these strategies offer entry to the 
circle of inference that the need to deliver bioactives and therapeutics to the 
brain using safe biomodules functional at biophysiological level could be 
realized. 
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Table 1 . 

Principal cell-penetrating peptides 



Cell-penetrating 

peptides 


Sequence* 


Origin 


Refs. 


SynBl 


RGGRLSYSRRRFSTSTGR 


Protegrin 1 


[12-14, 18] 


SynB3 


RRLSYSRRRF 


Protegrin 1 


[13] 


Penetratin 


RQIKIWFQNRRMKWKK 


Antennapedia 


[2, 3, 10, 17] 


Tat48.60 


GRKKRRQRRRPPQ 


HIV TAT 


[3,11,25] 



* The sequence indicated in this table corresponds to the original sequence. Various analogues were 
described In the literature. Abbreviations: HIV, human Immunodeficiency virus; TAT, transcription- 
activating factor. 



1 Introduction 

During the last decade, several peptides have been described, such as SynB 
vectors [1] penetratin and Tat [2, 3] that allow the intracellular delivery of 
polar, biologically active compounds in vitro and in vivo [2, 4]. These peptides, 
belonging to various families, are heterogeneous in size (10 to 18 amino 
acids) and sequence (Tab. 1). However, all these peptides possess multiple pos- 
itive charges and some of them share common features such as important 
theoretical hydrophobicity and helical moment (reflecting the peptide 
amphipathicity), the ability to interact with lipid membrane and to adopt a 
significant secondary structure upon binding to lipids. The facility with 
which they cross the membrane into the cytoplasm even when carrying 
hydrophilic molecules has provided a new and powerful tool in biomedical 
research [3, 4]. An even more difficult task was to use these peptide vectors 
to deliver drugs across the blood-brain barrier (BBB). This chapter emphasizes 
the use of peptide vectors for brain delivery. 

2 Peptide-mediated strategy 

2.1 Cell-penetrating peptides 

2.1.1 SynB vectors 

SynB vectors are a new family of vectors derived from the antimicrobial pep- 
tide protegrin 1 (PG-1), an 18 amino acid peptide originally isolated from 
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PG-1 native (p-sheet) PG-1 linear (SynB) 




Lytic activity 
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Figure 1 . 

Structure activity relationships of protegrins and analogues. 



porcine leucocytes [5, 6]. The peptide has a p-hairpin structure in which two 
antiparallel strands, linked by a p-turn are stabilised by two disulphide bridges 
[7] (Fig. 1). As previously reported, the PG-1 peptide interacts with, and forms 
pores in, the lipid matrix of bacterial membranes [8, 9]. Since it has been 
shown that the pore formation capability of PG-1 depends on its cyclisation 
[9], various linear analogues of PG-1, lacking the cysteine residues, were 
designed (Fig. 1 and Tab. 1). These linear peptides (SynB vectors) are able to 
interact with the cell surface and cross the plasma membrane while their 
membrane-dismpting activity has been lost. Furthermore, the internalisation 
of these peptide vectors into cells does not appear to be dependent on a chi- 
ral receptor since the D-enantiomer form penetrates as efficiently as the par- 
ent peptide (L-form), and retro-inverso sequences exhibit identical penetrat- 
ing activity. These linear protegrin analogues were the starting point for 
developing a new potent strategy for drug delivery into complex biological 
membranes such as the BBB. 



2.1.2 Penetratin 

It has been shown that the homeodomain of the Antennapedia protein 
(AntpHD), a Drosophilia homeoprotein, is internalised by cells in culture and 
is conveyed to the nucleus where it binds specifically to its DNA cognate site 
[2, 3, 10]. The sequence responsible for this translocation has been mapped 
to a region comprising the third helix of AntpHD. Furthermore, it was estab- 
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lished that a short peptide segment, pAntp 43_58 (penetratin) corresponding 
to the helix itself, is able to penetrate into primary neuronal cultures [2] 
(Tab. 1). Additional studies showed that analogues of penetratin corre- 
sponding to its enantio- (43-58 all D) or retro-inverso form (58-43) pene- 
trated as efficiently as the parent peptide [2, 3], suggesting that pAntp 43 . 5 g 
translocates through cell membranes without binding to a stereospecific 
receptor and by a non-endocytotic pathway. Moreover, the uptake of pep- 
tide is not saturable and appears to be independent of cell type since it has 
been shown to enter into various cell lines, such as lymphocytes or endothe- 
lial cells. 

2.1.3 Tat peptide 

As found for the homeoproteins, the transcription factor Tat, involved in the 
replication cycle of the HIV was demonstrated to penetrate into cells [3, 11]. 
In addition, a 35 amino acid peptide corresponding to fragment 37-72 of the 
HIV Tat protein has been shown to promote the intracellular delivery of cova- 
lently bound proteins. Vives et al. [11] showed that several fragments 
(Tat 37 . 6 o, Tat 43 _ 6 o, Tat 48 . 5 o) derived from the most basic region of the protein 
penetrates into HeLa cells at 37°C as well as 4°C. One of the shortest pep- 
tides, Tat 48 _ 6 o containing a nuclear localisation signal (NTS), was defined as 
the minimal translocating fragment, although the deletion of three non-basic 
residues within this sequence did not affect its cell-penetrating ability (Tab. 1) 
[11]. This observation underlines the role of basic residues in the translocat- 
ing ability of Tat-derived peptides. 



2.2 Enhancement of brain delivery 

As described earlier, the BBB poses a formidable obstacle to dmg therapy for 
the central nervous system (CNS). The fact that a peptide vector is internal- 
ized inside the cell does not guarantee that it will cross the BBB. The BBB is 
more complex than a simple cell layer, comprising a specialized endothelium 
(compared with other blood vessels) associated with peric 3 des and astrocyte 
foot processes which together elaborate a multicellular barrier. Despite this 
complexity, we have demonstrated that S)mB peptide vectors can enhance 
the delivery of many different t)q)es of drugs across the BBB. 
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Figure 2. 

Brain uptake of free and coupled doxorubicin. Transfer coefficients (KjJ for free and vectorised dox- 
orubicin uptake in right hemisphere of mice brain after 60 sec perfusion with buffer. Values are mean 
±SEM. 



2.2.1 Small molecules 

In one study, we assessed the efficacy of SynB vectors to enhance the brain 
uptake of the anti-cancer agent doxorubicin. Doxorubicin was conjugated to 
SynB vectors via a chemical linker (succinate) and its ability to cross the BBB 
was studied using in situ cerebral perfusion in rats and mice [12, 13]. This 
"vectorisation" of doxorubicin to SynB vectors significantly enhanced its 
brain uptake and without compromising BBB integrity (Fig. 2). The amount 
of vectorised doxorubicin that was delivered to the brain parenchyma (shown 
after applying the capillary depletion method) was about 20- to 50-fold 
higher than for free doxorubicin, depending on the vector used [12]. Inter- 
estingly, we also observed that SynB vectorised doxorubicin bypasses the P- 
glycoprotein (P-gp) which has been shown to be present in the luminal mem- 
brane of the BBB endothelial cells [14]. This 170 kDa ATP-dependent efflux 
pump, due to its unidirectional orientation, from brain to blood, restricts the 
brain entrance, or increases the brain clearance, of a broad number of thera- 
peutic compounds, including cytotoxic drugs [15, 16]. Other experiments, 
carried out in vitro using resistant cells, have confirmed that vectorised dox- 
orubicin bypasses the P-gp and enhances its potency in those cells [14]. 
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Figure 3. 

Relation between log D octanol/water pH : 7.4 and blood-brain barrier permeability as determined 
with in situ brain perfusion technique for free and vectorised doxorubicin (■ free doxorubicin; • dox- 
orubicin-D-Penetratin; ♦ doxorubicin-Syn B1 ). The solid line represents the fitted relationship for com- 
pounds crossing the blood-brain barrier by only passive diffusion. 



As a comparison we have also conjugated doxorubicin to D-penetratin 
and assessed its brain uptake by in situ brain perfusion [12], A 5- to 7-fold 
enhancement in brain uptake was observed. The brain vascular volumes were 
normal at low concentrations but 2-fold larger than those observed with the 
SynB vectors at higher concentrations, suggesting an opening of the tight 
junctions [12] . Bolton et al. have shown that penetratin does not pass the BBB 
after an intravenous injection [17]. 

Figure 3 illustrates the improvement in the brain uptake of doxorubicin 
following its vectorization by the peptide vectors. When looking at the clas- 
sical relation between the blood-brain barrier permeability versus the octanol- 
water partition, doxorubicin shows a very weak permeability despite its rela- 
tive lipophilicity. The efflux from the brain endothelial cells to the blood com- 
partment mediated by P-glycoprotein is one of the reasons for this poor brain 
uptake. According to the classical rules predicting that small molecular weight 
and lipophilic compounds can cross BBB, the coupling of doxorubicin to the 
peptide vectors, which increases the molecular weight from 544 Da (doxoru- 
bicin) to 3027 Da (Dox-D-Penetratin) and 2724 Da (dox-Syn Bl), respectively, 
and markedly renders them hydrophilic should be unfavorable to an 
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increased BBB permeability. In fact, as shown by Figure 3, both vectorised dox- 
orubicin derivatives have an improved brain uptake which is larger than the 
expected values given by the fitted line for compounds crossing BBB by sin- 
gle passive diffusion. This new type of vectorisation of drugs using a peptide- 
mediated strategy tends to be localized in the same area as for hydrophobic 
compounds entering the brain by carrier-mediated transport. In fact, if their 
brain uptake mechanism at the BBB level does not imply an active transport 
process, it results, however, in a very efficient brain delivery. 

The ability of SynB vectors to enhance the brain uptake of doxorubicin 
was also assessed after intravenous injection of vectorised doxorubicin into 
mice. The tissue and plasma distribution of doxorubicin were dramatically 
modified when the drug was vectorised. The brain concentrations were 
higher for vectorised doxorubicin compared to that of free doxorubicin [12]. 
Interestingly, vectorised doxorubicin shows significantly lower levels in the 
heart, strongly suggesting that cardiotoxicity - the main side-effect of dox- 
orubicin - could be reduced using this strategy. 

In order to assess the broader potential of this approach, we have investi- 
gated the transport of another small molecule: the antibiotic benzyl-peni- 
cillin (B-Pc) [18]. p-lactam antibiotics are often used for treatment of CNS 
infections but their poor penetration into the brain does not allow a suffi- 
cient efficacy. It was demonstrated that only very low concentrations of B-Pc 
were observed in the cerebrospinal fluid (CSF) despite high blood levels [19]. 
To improve its penetration across the BBB, B-Pc was coupled to SynBl vector 
via a glycolamidic ester linker [18]. The uptake of free and vectorised [^^C] B- 
Pc to the luminal side of rat brain capillaries was measured using in situ brain 
perfusion. First, we observed by using pH] sucrose, a marker of brain vascu- 
lar volume, that the integrity of BBB was not altered by the conjugate. The 
brain uptake of coupled B-Pc showed an average of 8-fold increase in com- 
parison to free B-Pc (Fig. 4). This increase was quite similar for the seven 
explored gray areas of the rat brain. Additional experiments indicated that 
about 80% of the conjugated B-Pc were associated with the brain parenchyma 
while less that 20% were in the endothelial cells after 60 sec of perfusion. 
Finally, in the parenchymal brain compartment, the ratio of vectorised ver- 
sus free B-Pc was about 7-fold [18]. Following this primary investigation, fur- 
ther studies are now needed to determine the fate of conjugated B-Pc within 
the brain parenchyma. At this level, the cleavage of B-Pc from the peptide 
vector in the brain appears as one of the most critical issues for observing the 
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Fig. 4. 

Brain uptake of free and coupled Benzylpenicillin. Transfer coefficients (K|r,) for free and vectorised B- 
Pc uptake in right hemisphere of rat brain after 60 sec perfusion with buffer. Values are mean ± SEM. 



therapeutic effect in an animal model. Moreover, as the brain B-Pc level 
depends not only on its limited entry at the BBB but also on active transport 
of the drug from the CSF at the choroids plexus level [20], it remains to deter- 
mine if the coupled B-Pc is sensitive or not to this efflux system. Neverthe- 
less, these data clearly demonstrated that a weak organic acid and a highly 
ionized compound that diffuses poorly across the BBB, such as B-Pc, can be 
successfully delivered to the brain parenchyma using this technology. 



2.2.2 Peptides 

The use of SynB vectors has also been successfully applied to brain delivery 
of drug-like peptide molecules. In a pharmacological application focused on 
pain management, the brain uptake of an enkephalin analogue dalargin was 
enhanced significantly after vectorisation. Dalargin is a hexapeptide analog 
of leu-enkephalin containing D-Ala in the second position and an additional 
C-terminal arginine. These modifications modulate the stability of dalargin 
in the blood stream and brain while at the same time modifying to some 
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Figure 5. 

Brain uptake of free and coupled dalargin. Transfer coefficients (KjJ for free and vectorised dalargin 
uptake in right hemisphere of mice brain after 60 sec perfusion with buffer. Values are mean ± SEM. 




c 



extent its receptor selectivity. While the intracerebroventricular injection of 
this peptide induces analgesic action, its systemic administration shows no 
activity in central analgesic mechanisms [21-24]. This is probably due to the 
poor brain uptake of dalargin. We have conjugated dalargin to SynB vectors 
in order to improve its brain delivery and its pharmacological effect. We have 
shown by in situ brain perfusion that vectorisation markedly enhances the 
brain uptake of dalargin (Fig. 5). Free or conjugated dalargin were also admin- 
istered intravenously to mice and anti-nociception was determined with the 
Hot plate test, an assay known to be mediated by central receptors. This test 
measures the amount of time required for mice to react to standardized nox- 
ious stimuli. Substances which increase the reaction time are described as dis- 
playing anti-nociceptive effects, which may be interpreted as a measure of 
analgesia. The results show that intravenous (i.v.) administration of dalargin 
to mice in physiological saline exhibited no analgesic activity. In contrast, 
conjugation of dalargin to SynB vectors led to a considerable enhancement 
of analgesic activity immediately after the iv injection. For example at time 
15 min post-administration, the latency time for S}mBl coupled dalargin was 
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Figure 6. 

Brain uptake of free and coupled streptavidin. Transfer coefficients (KiJ for free and vectorised strep- 
tavidin uptake in right hemisphere of mice brain after 60 sec perfusion with buffer. Values are mean 
±SEM. 

significantly higher than free dalargin (11.1 sec versus 5.8 sec) indicating an 
enhancement in the analgesic effect. 

These results support the usefulness of peptide-mediated strategies for 
improving the availability and efficacy of CNS drugs. 



2.2.3 Proteins 

In a further application we have shown that SynB vectors are able to trans- 
port large molecules, such as the protein streptavidin (M.W. approx. 60,000 
Da), across the BBB. Radiolabelled streptavidin attached attached 

to a biotin moiety linked to the peptide vector. The biotinylated vector was 
added in large excess to allow a sufficient binding of the radiolabelled strepat- 
vidin. In situ brain perfusion studies in mice showed that attachment of SynB 
vector to streptavidin resulted in a significant enhancement uptake into the 
brain (Fig. 6). As expected, free or biotin complexed streptavidin were unable 
to cross the BBB. These results demonstrate that this approach is able to 
deliver even large molecules to the brain. 
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Schwarze et al. [25] fused p-galactosidase (p-Gal) to Tat peptide and 
assessed the tissue distribution after intraperitoneal injection in mice. They 
observed strong p-Gal activity in all the tissues analyzed including liver, kid- 
ney, heart muscle, lung and brain. This suggested that the protein had crossed 
the BBB and, in addition, has passed into most other biological tissues. 

2.3 Mechanism of brain uptake 

We have shown by in situ perfusion studies, a technique allowing a first-pass 
exposure, that the internalisation of Dox-SynB is a saturable process [13]. The 
measured which was in the range of 4 to 9 pM, compares well with the 
values observed for substrates reported to be taken up by adsorptive-medi- 
ated endocytosis. Furthermore, no difference in brain uptake was seen 
between doxorubicin linked to L-SynB or D-S)tiB vectors, indicating that a 
stereospecific receptor is not a requirement for its brain transport. In addi- 
tion, we have reported that the passage of peptides can be inhibited in a com- 
petitive manner by polycationic molecules such as poly(L)lysine or prota- 
mine which act as endoc)d:osis inhibitors. These observations suggest that the 
crossing of BBB by SynB vectors is via an energy dependent adsorptive-medi- 
ated endocytosis mechanism [13]. 

It is known that at physiological pH values the luminal surface of the brain 
endothelium presents an overall negative charge (due in part to significant 
sialylation) and thus creates an environment more selective to positively 
charged substances [26, 27]. The SynB peptides are positively charged. This 
net positive charge is likely to play a key role in the adsorptive-mediated 
endocytosis process wherein electrostatic interactions of the peptide vector 
with the surface of endothelial cells may mediate surface binding and subse- 
quent internalization of the peptide vectors into the brain capillaries (Fig. 7). 

For the transcytosis of peptides through the BBB, three steps have been 
proposed: 1) binding and internalization at the luminal side of endothelial 
cell membrane; 2) diffusion through the cytoplasm of endothelial cells; and 
3) externalization at the basolateral side of endothelial cells [28]. The main 
components of the basal membrane are type IV collagen, fibronectin, 
laminins, chondroitin, and heparan sulphate from glycosaminoglycans. The 
most abundant component, type IV collagen, polymerizes with laminin and 
fibronectin proteins via protein binding domains such as integrin and lectin 
receptors [29]. These components not only provide a mechanical supporting 
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Figure 7. 

Mechanism of action of adsorptive-mediated endocytosis. Positive charges of cationized peptide inter- 
act with constitutive anionic charges at the BBB (D = drug). 



structure for the capillary wall, they are also important as a negatively charged 
barrier arising from the chondroitin and heparan sulfate residues, in addition 
to the anionic properties of the luminal and abluminal membranes of the 
endothelial cells [30]. Our results suggest that adsorptive-mediated endocy- 
tosis occurs at least at the luminal side of brain capillaries. The similarity in 
behavior observed for the peptide vectors studied suggests that the external- 
ization at the abluminal side of endothelial cells may also be via a receptor- 
independent mechanism. However, since endocytosis inhibitors have only 
been tested at the luminal side of the endothelial cells, we cannot rule out 
that a different mechanism may be involved in the externalization step. 

2.4 Pharmacological considerations 

An additional challenge in using a peptide vector for brain delivery is the 
need to devise efficient ways of conjugating therapeutic molecules to the car- 
rier (Fig. 8). Since conjugation of a drug with a transport vector may lead to 
a loss of biological activity, it is therefore important to develop a linker strat- 
egy that will allow the drug molecule to be cleaved from the drug transporter 
once it reaches its site of action. We have observed however in some cases, 
such as dalargin, that the conjugated drug retains a similar affinity for the its 
receptor as the free drug. 

The coupling between the peptide vector and drug molecule may be per- 
formed by various means of chemical approaches. Direct chemical conjuga- 
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Figure 8. 

Issues in the development of peptide vectors as drug carriers. 



tion of vector and drug moiety has been applied for coupling of small mole- 
cules, peptides and proteins [12-14, 18, 31-33]. The disulfide-based linker 
may be suitable system for the vector-mediated strategy since these bonds are 
generally stable in plasma for several hours but are labile in brain [34]. 

The development of vectors for brain delivery of therapeutic molecules 
will not only depend on the efficiency with which these vectors cross the BBB 
but also on their pharmacokinetic and biodistribution profiles. If the phar- 
macokinetics are not optimized and the plasma bioavailability of the conju- 
gate is low, then the brain delivery will be low. Conjugates containing the 
drug moiety and the vector will also need to be stable in the circulation before 
brain uptake occurs. Ideally, an efficient delivery system should have the dual 
effects of enhancing brain uptake and an increase in the systemic bioavail- 
ability of the drug in plasma. 

3 Conclusion 

The blood-brain barrier poses a formidable obstacle when attempting to 
deliver dmgs to the brain. As new drugs for neurological disorders are dis- 
covered, new delivery techniques will have to be developed in concert to 
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overcome this transport barrier. While researchers have devised many inge- 
nious approaches that avoid, disrupt or exploit the BBB's specialized trans- 
port mechanisms, many of these continue to have significant drawbacks. If 
neuroscientists and clinicians are to benefit from novel therapeutic advances, 
new delivery methods to the brain are essential. The use of peptide vectors 
presents a promising avenue for development. Their small size, rapid uptake, 
ease of drug attachment, and versatility in the range of molecules that they 
can deliver, provide a new approach to develop new drugs for the treatment 
of CNS diseases. 
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